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ABSTRACT OF THE DISSERTATION 
ELEMENTAL ANALYSIS OF BIOLOGICAL MATRICES BY LASER ABLATION 
HIGH RESOLUTION INDUCTIVELY COUPLED PLASMA MASS 
SPECTROMETRY (LA-HR-ICP-MS) AND HIGH RESOLUTION INDUCTIVELY 
COUPLED PLASMA MASS SPECTROMETRY (HR-ICP-MS) 
by 
Waleska Castro 
Florida International University, 2008 
Miami, Florida 
 Professor José R. Almirall, Major Professor 
The need for elemental analysis of biological matrices such as bone, teeth, and 
plant matter for sourcing purposes has emerged within the forensic and geochemical 
laboratories. Trace elemental analyses for the comparison of materials such as glass by 
inductively coupled plasma mass spectrometry (ICP-MS) and laser ablation ICP-MS has 
been shown to offer a high degree of discrimination between different manufacturing 
sources. Unit resolution ICP-MS instruments may suffer from some polyatomic 
interferences including 40Ar16O+, 40Ar16O1H+, and 40Ca16O+ that affect iron measurement 
at trace levels.  Iron is an important element in the analysis of glass and also of interest 
for the analysis of several biological matrices. A comparison of the analytical 
performance of two different ICP-MS systems for iron analysis in glass for determining 
the method detection limits (MDLs), accuracy, and precision of the measurement is 
presented. Acid digestion and laser ablation methods are also compared. Iron polyatomic 
interferences were reduced or resolved by using dynamic reaction cell and high resolution 
 vii 
ICP-MS. MDLs as low as 0.03 µg g-1 and 0.14 µg g-1 for laser ablation and solution based 
analyses respectively were achieved. The use of helium as a carrier gas demonstrated 
improvement in the detection limits of both iron isotopes (56Fe and 57Fe) in medium 
resolution for the HR-ICP-MS and with a dynamic reaction cell (DRC) coupled to a 
quadrupole ICP-MS system. 
The development and application of robust analytical methods for the 
quantification of trace elements in biological matrices has lead to a better understanding 
of the potential utility of these measurements in forensic chemical analyses. Standard 
reference materials (SRMs) were used in the development of an analytical method using 
HR-ICP-MS and LA-HR-ICP-MS that was subsequently applied on the analysis of real 
samples. Bone, teeth and ashed marijuana samples were analyzed with the developed 
method. 
Elemental analysis of bone samples from 12 different individuals provided 
discrimination between individuals, when femur and humerus bones were considered 
separately. Discrimination of 14 teeth samples based on elemental composition was 
achieved with the exception of one case where samples from the same individual were 
not associated with each other. The discrimination of 49 different ashed plant (cannabis) 
samples was achieved using the developed method.  
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 1 
1 INTRODUCTION 
Biological matrices such as bone, teeth, and plant material are matrices of interest 
for forensic scientists, since they are commonly found in crime scenes and/or massive 
burials, and they could provide with valuable information to solve a case or for 
discrimination purposes.  
1.1 Significance of the Study 
Human remains identification is typically based on DNA analysis and/or by 
comparison of the individual’s dental records.  The absence of DNA in deteriorated 
samples and the unavailability of dental records could affect the individuals’ 
identification process. On the other hand, the elemental composition of such matrices can 
provide key information of environmental exposure at working places, heavy metal 
poisoning, discrimination between individuals, and to associate an individual to a 
geographical region. Strontium and light isotope ratios composition of these materials has 
been used in the past to follow the trail of dietary habits of the inhabitants of a region 
and/or to associate the individual to a geographical region [1-3].  Trace elements content 
in bones and teeth could contribute with additional information for the discrimination of 
individuals with a faster and less complicated method. Recent applications of elemental 
composition of such matrices to human authentication have been reported in the literature 
[4, 5]. Similarly, the elemental composition of plants such as marijuana may be used for 
discrimination purposes. 
Elemental analysis of glass by ICP-MS and LA-ICP-MS has previously shown to 
provide a very high degree of discrimination between different sources of manufactured 
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materials [6-8]. There has also been an interest in the application of elemental analysis by 
these sensitive methods to the analysis of biological matrices. The development and 
application of robust analytical methods for the detection and quantification of trace 
elemental analysis will lead to a better understanding of the potential utility of these 
measurements in forensic chemical analyses. A suitable technique for the analysis of 
biological matrices will require been capable of analyzing highly complex matrices, 
resolving interferences, analyzing a wide concentration range of elements (ng g-1 – %wt), 
and offering the possibility of reducing cumbersome sample preparation procedures and 
the contamination of the sample. ICP-MS is one of the preferred techniques for elemental 
analysis since it can provide excellent sensitivity, accuracy and precision of the analysis. 
The use of a HR-ICP-MS system offers the resolution of polyatomic interferences 
improving the detection of trace elements in complex matrices such as bone, teeth, and 
plant materials in addition to improving the detection limits over a quadrupole based ICP-
MS device.  By coupling a laser ablation (LA) system for solid sampling, the sample 
preparation steps and the destruction of the sample are reduced significantly.  
 The primary aim of this research involves developing an analytical method for the 
analysis of bone, teeth and plant material using HR-ICP-MS and LA-HR-ICP-MS. 
Dissolution work in ICP-MS is well known, thus it will helps in establishing the 
feasibility of using trace elements in bone and teeth matrices regardless of the high 
concentration of Ca and P, and will provide a point of reference for the laser ablation 
work. For laser ablation method development the use of calcium as internal standard was 
evaluated for bone, teeth and plant matrices. An element menu for discrimination was 
assessed based on their discrimination capabilities (Chapters 3 and 4).   
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Buried bones are exposed to different environmental conditions that can affect 
their natural elemental composition. A strategy was developed to decrease the possibility 
of including those parts of bones affected by diagenesis in elemental analysis for 
discrimination purposes. Although the approach to avoid using the diagenetic signal in 
elemental analyses is been reported before [9-12], there is an improvement in the 
capabilities of detecting elements at the low trace level by using LA-HR-ICP-MS, which 
also will allow for the use of more elements for possible discrimination between samples 
from different origin. With this method it is possible to assess the biogenic signal on 
buried bone samples when no soil or information of the environmental conditions have 
been provided to evaluate diagenesis effects in the samples. 
Iron (an element of interest in bones, teeth, and plant material) presents 
polyatomic interferences due to the plasma conditions and matrix composition. Standard 
ICP-MS measurements commonly include the detection of 57Fe, which has a low 
abundance of 2.2% vs 91.72% for 56Fe. The polyatomic interferences and the low 
abundance of this element are challenges for standard ICP-MS measurements that affect 
the detection of iron at trace and ultratrace levels. The capabilities of using HR-ICP-MS 
and DRC-ICP-MS for the analysis of iron in terms of limits of detection, accuracy and 
precision were evaluated using glass matrix with the purpose of evaluate the possibility 
of including 56Fe+ in forensic analysis of the aforementioned matrices (Chapter 2). This 
detection limits study with both ICP-MS systems is been reported for the first time 
providing to the scientific community the opportunity to evaluate iron in glass and 
implement it on routinely analysis based on their own capabilities.  
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1.2 Bone, Teeth and Plant Material: Elemental Composition 
The elemental composition in bones and teeth varies in concentrations from wt% 
to ng g-1 depending on the intake from diet. Some elements are essential for the human 
bone development. Exogenous contribution could increase the concentration of elements 
such as iron, aluminum, and magnesium and could come from the environmental 
conditions surrounding the remains [5, 13, 14].  
The inorganic phase in human bones is mostly hydroxyapatite and it contains 
elements in minor and trace concentration such as iron, magnesium, zinc, chromium, 
copper, and manganese that are associated to bone development [15]. Cortical bone is 
preferred for elemental analysis due to its dense structure, slow regeneration process, and 
its low susceptibility to environmental changes [15-19]. Isotopic information of cortical 
bones may provide with information of the individual’s latest years of life.  
The enamel is the hardest material in teeth with ~ 96% inorganic phase in from of 
hydroxyapatite [20]. The enamel is completely formed around the adolescence and it 
doesn’t experience a fast degradation as compact bone which makes it suitable to 
determine elemental composition from childhood [15]. The dentine layer on the other 
hand has a faster regeneration than enamel, therefore providing information of elemental 
composition related to more recent events.  
Plant mineral content is mainly influenced by the soil and water where it has 
grown-up. The concentration range of these elements in plant material varies form %wt 
to ng g-1. The elemental composition of plants could be associated to a geographical 
region since they absorb nutrients from the soil environment and also to discriminate 
between different plants of the same species. 
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2 ANALYTICAL CAPABILITIES OF HR-ICP-MS AND DRC-ICP-MS FOR 
THE ANAYSIS OF IRON IN GLASS 
Iron is a common element found in bone, teeth and plant material. The accurate 
detection of this element in complex matrices requires the resolution of polyatomic 
interferences created during the ionization process inside the plasma. ICP-MS has 
demonstrated to be one of the most effective analytical methods for the comparison of 
trace elements in small glass fragments due to its multi-element capability, excellent 
sensitivity, high sample throughput and the capability to provide isotopic information. 
Elemental analysis of glass by ICP-MS and LA-ICP-MS has previously shown to provide 
a very high degree of discrimination between different sources of manufactured materials 
[6-8, 21-24]. Therefore, glass was chosen to evaluate the capabilities of these ICP-MS 
techniques in detecting iron.  
2.1 Iron Content in Glass Matrix 
Variations in elemental profiles within glass populations are due to differences in 
elemental composition of the raw materials used and/or those assosicatedto the 
manufacturing processes. Although some of the raw materials used in glass 
manufacturing are relatively pure, a glass product may contain impurities, such as iron 
oxide, that could produce undesirable color and alter furnace temperatures. Only one-
part-per-thousand of iron oxide in sand can impart a green color on the glass and 
therefore manufacturers usually use discoloring agents to remove or mask the tint. Iron 
oxide is typically present at concentrations that range from 0.07 to 0.16% wt in float 
glass, 0.03 to .015 %wt in containers, 0.05% wt in borosilicate glass, and 0.01%wt in lead 
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crystal glass while in optical and insulating lead glasses, iron oxide content is reduced to 
trace levels [25].  
2.2 Elemental Analysis of Iron in Glass Matrix 
The elements used for the discrimination of glasses by ICP-MS had been critically 
selected from previous studies in which precision, accuracy and discrimination potential 
of these elements were evaluated at major, minor and trace levels [23, 24]. Iron has been 
identified in previous studies as an excellent discriminating element and it has been 
successfully used for classification and discrimination of glasses by X-ray fluorescence 
[21, 22, 26] and ICP-AES [21, 26]. Nevertheless, the concentration of iron in some glass 
populations may be close to or lower than the limits of detection of XRF and ICP-AES. 
Although standard ICP-MS methods provide better sensitivity than the aforementioned 
techniques, the analytical performance of iron represents a challenge due to inherent 
interferences. In 2000, Duckworth et al. reported that elements measured by ICP-MS 
without good bias (≤10%) and precision (≤10%RSD) were closely inspected before using 
them as discriminating elements in a database for float glass. In this study iron presented 
a bias and precision higher than 10% [27]. The poor precision and accuracy of iron 
measurements in glass standards do not allow its use in glass databases and limits its use 
in casework. 
The analytical challenges of iron in glass by ICP-MS are the result of polyatomic 
isobaric interferences such as 40Ca16O+ and 40Ar16O+ on 56Fe+, and 40Ca16O1H+, 
40Ar16O1H+, and 41K16O+ on 57Fe+, respectively. Fortunately, these interferences can be 
suppressed or resolved by using either DRC or HR ICP-MS systems [28-30]. A solution 
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based analysis using DRC-ICP-MS reports a comparison of MDLs in 2% HNO3, in rain 
water/ HNO3/HF matrix and the reporting limits generated by Frontier Geosciences 
Laboratories (Seattle, WA) with detection limits as low as 9 ng L-1 for the 2% HNO3 and 
383 ng L-1 in the rainwater sample [31]. Balcaen et al. performed determinations of Fe in 
AgNO3 solutions with isotope dilution using the DRC-ICP-MS with NH3 as a reactant 
gas.
 
 They reported lower iron detection limits with the isotope dilution (0.013 µg g-1) 
than with external calibration (1.2 µg g-1) [32]. In 2001 Günther et al. reported a 
comparison of detection limits of 56Fe+ and 57Fe+ using the STD mode and the DRC mode 
with hydrogen and neon as reactant and buffer gases respectively for laser ablation 
experiments. The limits of detection were determined for a spot size of 40µm using the 
gas blank and the ablation of the SRM NIST 610 glass. In this study, the limits of 
detection were improved from 5.9 µg g-1 in standard (STD) mode to 2.1 µg g-1 using DRC 
mode for 57Fe+, while for 56Fe+ the limits of detection were reported to be 0.3 µg g-1[33].   
A study of trace elements in quartz by LA-HR-ICP-MS using an external 
calibration with the three SRMs NIST 612, NIST 614, and NIST 616 reported limits of 
detection for 56Fe+ of 2.6 µg g-1 in medium mass resolution [34]. Iron detection limits in 
the order of pg g-1 were reported for analyses of water, plant, tissue, and rock samples in 
medium mass resolution by a HR-ICP-MS. The MDLs for iron in oyster tissue/tomato 
leaves and rock sample digestion blanks were reported to be 113 pg g-1 and 3940 pg g-1 
for 56Fe+, and 580 pg g-1 and 10600 pg g-1 for 57Fe+ respectively [35]. 
Although there are reports of iron detection limits with both ICP-MS systems, at 
the present there is no existing data that compares the detection limits for 56Fe+ and 57Fe+ 
in glass samples using those techniques utilizing both laser ablation and solution 
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introduction methods. The capability of resolving or reducing the iron polyatomic 
interferences by using the DRC and high resolution systems will allow for a more 
optimized use of Fe for the discrimination of glass and the potential use for 
discrimination in bone, teeth, and plant matrices.  
This work was conducted to evaluate the method detection limits (MDL) that can 
be achieved for Fe using the different ICP-MS systems (Quadrupole, Dynamic Reaction 
Cell and High Resolution) for solution and laser ablation sampling introduction methods 
using the glass standard reference materials (SRMs). This work also includes the 
assessment of precision and accuracy for iron measurements to evaluate the possibility of 
including iron in forensic analyses of glass and in biological matrices by ICP-MS.  
2.3 Methodology 
2.3.1   Experimental 
 2.3.1.1   Laser Ablation Analyses 
 Glass standard reference material (SRM) NIST 612 (National Institute of 
Standards and Technology, Gaithersburg, MD, USA) was used for laser ablation analyses 
with both ICP-MS systems using all configurations. SRM NIST 610 (National Institute of 
Standards and Technology, Gaithersburg, MD, USA) and the FGS glass standards, 
described elsewhere [36], were used as external calibrators for some experiments using a 
NewWave UP 213 laser ablation system (Fremont, CA, USA) and argon as the carrier 
gas. Method detection limits were calculated for 56Fe+ and 57Fe+ using SRM NIST 612. 
SRMs NIST 1831, NIST 614 and the FGS standards were analyzed to evaluate the 
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accuracy and precision of the method. For a proper assessment of LA experiments using 
the ELEMENT 2 high resolution ICP-MS (Thermo Electron Co. Bremen, Germany) and 
the ELAN DRC II (PerkinElmer, LAS, Shelton, CT, USA), other SRMs were used in 
place of SRM 612 since the former was used as an external calibrator in the data 
reduction analyses. For practical purposes only the results of the SRM FGS1 will be 
presented for all the laser ablation ICP-MS systems. 
2.3.1.2   Solution Based Analyses 
High purity standards (CPI International, Santa Rosa, California, USA) were used 
for the preparation of the external calibration curves. Optima grade nitric acid (HNO3), 
hydrofluoric acid (HF), and hydrochloric acid (HCl) [Fisher Scientific Pittsburg, USA] 
were used for the digestion of glass samples. High purity deionized water (>18MΩcm-1) 
and 0.8M Optima grade nitric acid (Fisher Scientific Pittsburg, USA) were used for the 
dilutions. Rhodium was used as an internal standard for all solutions analyzed.  
SRMs NIST 612, NIST 1831, NIST 614 (National Institute of Standards and 
Technology, Gaithersburg, MD, USA), and the standards FGS1 and FGS2 were digested 
following the ASTM E2330-04 standard method for trace elemental analysis of glass 
using ICP-MS to determine the accuracy and precision of the analysis[37]. 
2.3.2   Instrumentation 
2.3.2.1   ICP-MS Description and Operation Principles 
 The ICP-MS instrument includes the following basic components: (a) sample 
introduction device, (b) inductively coupled plasma (ICP) torch, (c) mass spectrometer 
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interface, (d) ion optics, (f) mass separation device, and (g) ion detector (Figure 1). This 
technique is based on the ionization of the sample in a sustained plasma created in a torch 
under an intense radio frequency induced field. The ionized sample is carried by a gas 
(generally argon) through the mass spectrometer interface under high vacuum (~10-6 
Torr). The ions are directed through the ion optics and then a complete separation is 
achieved at the mass separation device and finally detected by the detector. 
 There are two common sample introduction devices: flow injector nebulizer and 
laser ablation (LA) of the sample. In the flow injector device the liquid sample is pumped 
into the nebulizer (usually at 1 mL/min) using a peristaltic pump. The sample is carried 
out through the nebulizer with an argon flow of ~ 1L/min to create droplets. These drops 
(which are about 1-2% of the sample) get separated from the larger droplets through the 
spray chamber. Only the very small droplets (mist) come out from the spray chamber and 
get introduced into the plasma torch by the sample injector. With LA the solid is placed 
onto a 3D mobile stage inside the ablation chamber. The ablation chamber is 
continuously purged with a gas (generally argon). The sample surface is ablated and an 
aerosol of particles is produced. Then the particles are carried by helium gas stream into 
the plasma torch. 
 The plasma torch is surrounded by a coil with current that produces enough 
radiofrequency to create an induced magnetic field. Argon gas flows around the torch to 
stabilize and isolate the plasma from the outer tubes and to carry the sample through the 
torch. A spark of high voltage electrons interact with the ions carried by the gas to creates 
a very hot plasma (~10,000 K) with positively charged ions at the end of the torch. These 
positively charged ions are directed into the ion optical lenses. Different voltages are 
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applied to each set of lenses and the ions get separated by their potential differences. 
Then they are directed to the mass separation device.  
 Two common mass separation devices are: (1) quadrupole and (2) magnetic 
sector field system. The quadrupole has four cylindrical or hyperbolic rods with the same 
diameter (~1 cm) and length (8-12 cm). The four rods are perfectly aligned in such a way 
they produce a very uniform and stable field. By applying a direct current (+) and a 
radiofrequency field (-) to the rods, ions with a specific masses and charge pass through 
the middle of the four rods and then get detected. Ion with mass to charge ratio different 
from the selected mass will be ejected between the rods spaces. On the other hand, the 
magnetic sector field device consists of an electrostatic analyzer (ESA) and a magnetic 
sector analyzer. Ions exiting from the lenses enter into the magnetic field produced by the 
magnet. The ions will get dispersed by their energy and mass until they reach an 
intermediate slit. Then a direct current is applied to the ESA inner an outer plates making 
the inner plate negatively polar attracting the positive ions, while the outer plate (positive 
polarity) repels them. The ions are directed towards the ESA to get dispersed with respect 
to their energy and focused to the exit slit into the detector [38-40]. 
In the ICP-MS with the DRC, the interferences are removed by a chemical 
reaction between a reactant gas and the sample [29, 41-45]. The quadrupole (reaction 
cell) is located between the ion lenses and the quadrupole analyzer. Chemical resolution 
is achieved by introducing a reactive gas into a cell placed in the ion path. The cell is 
pressurized with a reactive gas, which can convert interferences to different ions that do 
not interfere with the analyte, or convert the analyte of interest into a new species that is 
interference-free. The chemistry involved in the conversion of the interference into a 
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different ion depends on the reaction gas and the bandpass settings. Bandpass acts as 
guard wall by allowing only the analyte to pass and enter into the mass analyzer. Iron 
polyatomic interferences were chemically removed by using methane as a reactant gas 
[45]. Methane is often used as reactant gas for the removal Fe interferences. Preliminary 
results in our laboratory showed better sensitivity on the detection of 56Fe+ with methane 
as reactant gas. The removal of the refractory interference CaO+ was improved 
significantly with methane than with other gases in glass matrix. It seems that methane 
works better for the removal of 56Fe+ interference CaO+ in Ca–rich matrices. Additionally 
for safety reasons it is more convenient to work with methane than with ammonia gas. 
Equations 1a and 1b describe the chemical reactions occurred in the reaction cell of the 
56Fe+ interferences with the reactant gas (CH4).  For comparison purposes this instrument 
was also used in STD mode. 
    CH4  +  40Ar16O+  →  CH4+ +  40Ar   +  16O                           Eq.1a 
       CH4   +  40Ca16O+  →  CH4+ +  40Ca   +  16O                          Eq.1b 
2.3.2.2   ICP-MS Systems 
The ICP-MS instruments used for this study were an ELAN DRC II ICP-MS 
(PerkinElmer, LAS, Shelton, CT, USA) and a HR-SF-ICP-MS ThermoFinnigan 
ELEMENT 2 (Thermo Electron Co. Bremen, Germany). The DRC-ICP-MS was 
equipped with a quartz cyclonic spray chamber and a concentric tube pneumatic 
nebulizer. The sample intake rate into a concentric nebulizer and cyclonic spray chamber 
(ELAN system) was 1 mL min-1. An ASX 510 autosampler (CETAC Technologies, 
Omaha, NE, USA) was coupled to the ICP-MS for the solution analyses. For laser 
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ablation analyses, the laser systems were connected to the torch intake of the ICP-MS. 
The DRC-ICP-MS was operated in STD mode and DRC mode. The removal of 56Fe+ 
polyatomic interferences was achieved by using methane as a reactant gas in the DRC 
mode. For solution analyses the HR-SF-ICP-MS sample introduction setup included a 
quartz cyclonic spray chamber with a microflow PFA-ST nebulizer (400 µL min-1 intake 
flow) [ESI Scientific, NE, USA] and a 1.5 mm quartz injector connected to a quartz torch 
CD-type for removable injector (ESI Scientific, Omaha, NE, USA). The laser systems 
were connected to a 1.75 mm quartz injector inserted into the torch. The HR-SF-ICP-MS 
system was used in the three mass resolutions available: low (~ 300), medium (~ 4000) 
and high (~10000). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Schematic diagram of the basic components of an ICP-MS. 
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Before conducting each experiment, the instruments were optimized for 
sensitivity (maximum counts per second) and for doubly charged species (≤3%) and 
oxides (≤0.3%). An additional optimization in LA analyses of the ratio U/Th on SRM 
612 was also conducted as a measure of fractionation levels (with 1 ± 0.2 determined to 
be acceptable). 
2.3.2.3   Laser Ablation Description and Operation Principles 
A typical laser consists of an active laser medium and a resonant optical cavity. 
The active laser medium is made of a pure material with a specific size and concentration 
that allows the amplification of the beam by means of stimulated emission.  An external 
energy source energizes the active laser medium where the electrons of an atom or 
molecule get excited to a high energy level for a short period of time before returning to 
their original energy level releasing photons during the decay process. The emission of 
these photons can occur spontaneously or by stimulation. The spontaneous decay of 
electrons will produce the release of photons at random directions while the stimulation 
decay is caused by the interaction of the spontaneous decaying electrons with other exited 
electrons that will cause their return to the original ground state.  The photons released 
during the stimulated decay will travel in phase with the same wavelength and direction 
of the incident photon. When the photons have the same direction as the optical axis they 
go back and forth through the resonant optical cavity. Then the light energy is amplified 
until enough energy is built up to produce a laser light that will be transmitted through a 
partially reflecting mirror [46].  
 
 15 
To achieve the amplification the active laser medium must have at least one 
exited metastable state in which population inversion can occur. In order to obtain the 
population inversion there must be more electrons in the high energy level than in the 
lower energy level. In a four level laser system (Figure 2) the electrons are excited to a 
high energy level where they decay rapidly in a non-radiative transition to the upper 
metastable energy level. The transition of electrons from the upper metastable energy 
level to a lower energy level has a lifetime greater than the transition from the exited to 
the upper metastable level. Therefore there is a significant accumulation of electrons in 
the upper metastable energy level causing the population inversion. Then the decay from 
the upper metastable energy level occurs by means of either spontaneous or stimulated 
emission into the lower energy level (Figure 2). Then a fast non-radiative decay to the 
ground state occurs [46]. Most of the practical lasers are based on a four level system 
because it requires the excitation of few atoms to the upper metastable energy level to 
form a population inversion, thus it is more efficient than in a three level system. 
There a several types of laser and they could be classified according to the 
physical state of the active laser medium (solid, liquid or gas laser), by the wavelength of 
emitted radiation (infrared, visible, ultraviolet, and x-ray lasers) or by their operation 
mode (continuous wave or pulse mode) [47]. In the continuous wave mode laser the 
population inversion is continually sustained by the source of energy and the output of 
the laser is continuous with the time. On the other hand in the pulse mode the laser 
operates with short pulses varying in time. For laser ablation, the pulses must be short 
enough to avoid melting of the material and allowing an efficient removal of particles 
from the surface.  
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Figure 2. Four level laser energy diagram [46]. 
One of the most common solid state lasers is the Nd:YAG laser since it is 
relatively simple and less expensive than other solid lasers, and its properties favors the 
laser operation. The Nd:YAG (neodymium-doped yttrium aluminum garnet; 
Nd:Y3Al5O12) is a crystalline structure that works as the active laser medium. The YAG 
host possesses several characteristics for the favorable laser operation. The host is a hard 
structure with good optical quality, high thermal conductivity, and its structure is stable 
on a wide range of temperatures up to the melting point, thus no change is expected to 
occur in the solid state. In the Nd:YAG about 1% of the Y3+ is replaced by Nd3+ [48]. The 
Nd:YAG laser is a four level system and commonly emits at 1046nm wavelength, 
although with optical modifications it can emit in the 213nm, 266nm, and 532nm 
wavelengths. These lasers can operate in the pulse or continuous mode. Typically the 
Nd:YAG pulsed lasers are operated in a Q switch mode in  which an optical switch is 
located at the resonant optical cavity. When the optical switch is in operation, the light 
leaving the laser active medium is not been amplified, thus the laser emission can not 
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occur. This attenuation produces a low Q factor (quality factor) of the resonant optical 
cavity. The population inversion occurs but there is no amplification and as consequence 
the laser operation does not happens yet. The energy then is stored in the medium until it 
reaches a maximum level where the medium is said to be gain saturated. At this point the 
Q switch changes rapidly from low to high Q factor allowing the amplification by 
stimulated emission. Due to the large amount of energy stored in the medium, the 
amplification of the light occurs almost as fast as the energy been depleted in the active 
laser medium. As a result, a short pulse laser of light is released from the laser with very 
high peak intensity [49, 50]. 
The Nd:YAG lasers have found applications in ophthalmology, cutting and  
engraving metals, in the cosmetic industry, and in analytical techniques such as in laser 
ablation ICP-MS.  
Laser ablation is a technique used to remove material from a solid with a laser 
beam, although lately it has found some applications in liquid materials. The ablation of 
the material from the surface occurs by means of melting, fusion, sublimation, erosion, 
vaporization, and explosion. The ablation process is affected by the ability of the material 
to absorb energy. To remove an atom from the solid with the laser pulse, an energy 
exceeding the binding energy of the atom must be applied. To remove the same amount 
of material from the solid with a short laser pulse the laser intensity should be inversely 
proportional to the duration of the pulse. For example a laser ablation with 30-100 ns 
pulse requires intensities ~108-109 W cm-2 [51, 52]. 
The ablation process could involve thermal or non-thermal ablation mechanisms 
depending on the lasers wavelength. In a thermal process, melting and vaporization of the 
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material occurs as result of the direct absorption of the laser light by the electrons. The 
absorbed energy then is transferred to the atomic lattice. A strong fractionation could 
result from the thermal mechanism due to the different phase transition of the elements, 
whereas when the energy of the photon is higher than the bonding energy of the atoms in 
the solid, the laser radiation can break the atomic lattice resulting in the ejection of ions 
and atoms without suffering of heating effects (non-thermal ablation process) [53, 54].  
In a non-thermal ablation four thresholds are occurring at different time lines, 
which are presented in Figure 3. The particles removed during this process directly 
represent the sample composition.  At the femtosecond level the absorption of light and 
electronic excitation occurs. At this stage if the laser wavelength is not the correct one, a 
plasma shielding effect could happen. When the laser beam interacts with the already 
growing plasma plum the laser energy can be absorbed or reflected by the plasma. 
Typically the plasma absorption is more prominent with larger wavelengths. On the other 
hand a more efficient bond breaking process happens with shorter laser wavelengths. The 
efficiency in the bond breaking is a result of a better penetration of the laser beam into 
the plasma leading to less fractionation [55-57].  During the picosecond time frame the 
emission of electrons from the surface of the material occurs, while at the nanosecond 
timeline the plasma is formed where radiation, ionization (shock wave), vaporization, 
convection and melting are taking place. Finally, at the microsecond level the particles 
are ejected from the surface by means of normal evaporation and explosive boiling [58]. 
A typical laser ablation system for ICP-MS includes an ablation cell mounted on a 
platform with X-Y-Z axis translational capabilities and an optical lens. The laser beam is 
focused on the surface of the material by means of a CCD camera aligned with the optical 
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lens and through an aperture system that allows spot sizes of 10 to 200 µm. To assist with 
the imaging the laser system may have reflected light and/or transmitted light, a dual 
polarizer and a real time image acquisition. A schematic representation of a typical laser 
system is shown in Figure 4. 
 
 
 
 
 
    
Figure 3. Ablation process time scale [58]. 
Different ablation modes such as depth profile, special profile, surface and bulk 
analyses can be achieved depending on the time between individual pulses and the 
platform movement capabilities. A carrier gas system is integrated to the ablation cell to 
efficiently transport the particles into the ICP system and to avoid the plasma collapsing. 
The purging system usually includes a three-way valve system to avoid the introduction 
of air in the ICP between sample analyses. Typically, argon and/or helium are used for 
purging the cell and for particle transportation. It has been found the use of helium as 
carrier gas improves the ablation process and the transportation rate [59-62].   
The coupling of laser ablation with ICP-MS allows for the direct analysis of the 
sample, reducing the sample preparation and analysis time, the use of reagents, sample 
consumption, and the possible contamination with other sources [63, 64]. The main 
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disadvantage of ICP-MS is that it requires a matrix matched standard for quantitative 
analysis, although non-matrix matched calibration using glass SRMs (NIST 612 and 
NIST 610) have provided satisfactory results [65-67]. LA-ICP-MS also may suffer from 
potential fractionation during the ablation or sample transportation [64, 68]. The 
fractionation phenomenon occurs when the ablated products are not stoichiometrically 
representative of the bulk of the sample composition [69]. Fractionation in LA-ICP-MS 
limits the accuracy of the quantitative analysis, but it can be solved by following the 
response of a reference element with the same concentration in the standards and samples 
[70, 71], by using a matrix matched standard with the sample [72, 73] and by using short 
wavelength lasers [74]. It is been reported that for quantification in elemental analysis of 
forensic glass the fractionation effect is negligible [75].  
There is no standardized calibration method for the quantitative analysis for all 
solid samples [76-79]. Glass matrix reference materials such as NIST 612 has been used 
for optimization and for quantitative analysis of several solid materials including glass 
[7], plant material (cannabis) [80], and teeth [81-83] samples analyzed by LA-ICP-MS. 
The general method for LA quantitative analysis includes normalizing the element 
intensities relative to an element (internal standard) of known concentration and whose 
concentration variation within samples of the same matrix is virtually unchanged. Other 
reference materials (matrix related to the samples) are measured with the samples for 
verification purposes.  
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Figure 4. Schematic of the UP213 New Wave Laser System (New Wave Research, 
Fremont, CA, USA) 
 
 2.3.2.4   Laser Ablation Systems 
Two different Nd:YAG laser units were used for this work: 1) a New Wave UP- 
213 operating at 213nm (New Wave Research, Fremont, CA, USA) and 2) a CETAC LSX 
200+ (CETAC Technologies, Omaha, NE, USA) operating at 266nm. Laser ablation 
parameters are further described in Table 1.  The laser ablation systems were operated 
under different parameters using both helium and argon as a carrier gas, and different 
ablation cell volumes. The experimental parameters were optimized for each system.  
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2.3.3   Sample Preparation 
 2.3.3.1   Laser Ablation 
The glass SRMs were rinsed with high purity deionized water and dried overnight 
prior the LA analysis. 
2.3.3.2    Solution 
The samples were washed first in methanol for 10 minutes, then with HNO3 1.6 
mol L-1 for 30 minutes, followed by rinsing with high purity water (>18 MΩ cm-1). After 
rinsing, they were left to dry overnight. Glass samples were crushed and weighed to 
approximately 2 mg ± 1 µg into 5 mL polypropylene tubes. Trace elemental grade 
(optima grade) nitric (HNO3), hydrofluoric acid (HF) and hydrochloric acid (HCl) [Fisher 
Scientific Pittsburgh, USA] were used for the digestion of glass. Samples were sonicated 
for 2 hours and then dried in a heating block (Dry Digital Bath Incubator, Boekel 
Scientific, Feasterville, PA, USA). After the samples were taken to complete dryness, 
they were reconstituted with 0.8mol L-1 HNO3, the internal standard and high purity 
water. Dilutions of the reconstituted digested glass samples were prepared and measured 
along with seven reagent blanks that were treated in the same way as the glass samples.  
The glass samples were measured against an external calibration curve made from 
single element high purity standards (1000 µg g-1) [CPI International, Santa Rosa, 
California, USA].  Rhodium was added as internal standard to a final concentration of 3 
ng g-1, 3 ng g-1 and 50 ng g-1 for the HR-SF-ICP-MS, DRC mode ICP-MS and standard 
mode ICP-MS calibration curves respectively. Calibration curves had seven calibration 
points in a range of 0-10 ng g-1 for the ELEMENT 2 and ELAN DRC Mode, and from 0-
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100 ng g-1 for ELAN standard mode analyses. Two control verification checks (at 3 and 5 
ng g-1 for ELEMENT 2 and ELAN DRC mode and at 7 and 25 ng g-1 for the ELAN 
standard mode) were run with samples in order to evaluate drift and precision over time. 
All sample preparations and analyses were performed in a normal laboratory 
environment. 
 
Table 1. Instrumental parameters of laser and ICP-MS systems. 
Parameters CETAC 
LSX 200+
New Wave 
UP 213
Parameters ELAN DRC II
(STD mode)
ELAN DRC II
(DRCmode)
ELEMENT 2
Wavelength 266 nm 213 nm Auxiliary Gas 1.1 L min-1 1.0 L min-1 0.8 L min-1
Spot Size 100 µm 100 µm Ablation Cell 
Carrier gas
0.90 L min-1
(laser, He)
0.90 L min-1
(laser, Ar)
0.60-0.72 L min-1
(laser, Ar)
0.80 L min-1
(laser, Ar)
1.0-1.1 L min-1
(laser, He)
Energy Output 4.8 mJ 2.4 mJ Nebulizer Flow 1.0 L min-1 
(solution)
1.0 L min-1 
(solution)
1.0 L min-1 
(solution)
Repetition
 Rate 10 Hz 10 Hz
0.98 L min-1
 (laser)
0.98 L min-1 
(laser)
0.62-0.70 L min-1 
(laser)
Carrier gas Ar or He Ar or He RF Power
1500 W (solution )
1550 W (laser)
1501 W (solution )
1550 W (laser)
1300 W (solution)
1350 W (laser)
Ablation Cell 
Volume 50.2 mL 30.0 mL Reaction Gas - CH4 -
Reaction 
Gas Flow - 0.5 L min-1 -
RPq -
0.5 (laser)
0.6 (solution) -
Resolution 
Modes
- -
Low, Medium 
and High
-Not applicable.
LASER SYSTEMS ICP-MS SYSTEMS
 
2.3.4   Data Analysis 
 2.3.4.1   Concentration and MDLs using Laser Ablation 
The total analysis time was of approximately 170 seconds. During the first 55 
seconds the laser was blocked (via the use of a shutter) and the signal of the “blank” was 
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acquired in order to account for the background level. The laser was then fired for 60 
seconds, but only the middle-latter 40 seconds of the ablation signal were used for 
measurements because of the inherent instability caused when the laser first interacts with 
a sample.  Following these 60 seconds the laser was turned off and the signal was 
recorded for an additional 55 seconds to purge any signal carryover between samples. 
Seven sample replicates of either SRM NIST 612 on two non-consecutive days were used 
to determine the MDLs of LA analyses. Figure 5 shows the transient signal of 56Fe+ 
during a typical analysis. The Glitter software (GLITTER, GEMOC, Macquarie 
University, Australia) was used for data reduction to determine concentration and the 
MDLs. Glittter software enables plotting the transient signal collected from the LA 
analysis and to select the background and signal intervals for data reduction. To 
determine the concentration the Glitter software uses Equation 2, where concni is the 
concentration of element i in analysis n, cpsnij is the mean count rate (background 
subtracted) of isotope j of i in analysis n, abundancej is the natural abundance of isotope 
j, and yieldni is the cps per ppm of element i in analysis n. The yieldni is calculated using 
Equation 3, where yieldns is the cps per ppm of the internal standard s in analysis n, 
Int(yieldni/yieldns)std is the ratio of the yield of element i in analysis n to the yield of the 
internal standard s in analysis n interpolated over the standard analyses.  
)yield/()abundancecps(conc nijnijni =        Eq.2 
std
nsninsni )yieldyield(Int*yieldyield =                   Eq.3 
Glitter software uses Equation 4 to calculate the limits of detection with 99% 
confidence level based on Poisson counting statistics. In the Equation 4, B is the total 
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counts in the background interval. The LA data analysis was performed using SRM NIST 
612, SRM 610 or the standard FGS2 as a single point external calibrator. For all the 
analytical determinations 29Si was used as the internal standard, except for the DRC 
experiments where 24Mg was chosen as the internal standard. 
                    Eq. 4 
   
 
 
 
 
 
 
 
 
 
Figure 5. A typical laser ablation transient signal of iron in SRM NIST 612 analyzed with 
the ELEMENT 2.  
 
2.3.4.2   Concentration and MDLs using Solution Analysis 
The glass samples were measured against an external calibration curve. The 
intensities (cps) for the standards and samples were normalized to the rhodium (internal 
standard) signal (cps). A lineal regression line was determined from the plot of the 
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normalized signal (cps) against the concentration of the correspondent standard. Then the 
concentrations in the samples were determined by using the slope and intercept of this 
equation. 
The iron MDLs on solution analyses for SRM NIST 612 were determined by 
Equation 5 where σ is the standard deviation of the blank’s signal and m is the slope of 
the curve. MDLs were determined with at least 7 replicates of reagent blanks measured in 
two non-consecutive days in order to account for inter-day variations.  
              Eq. 5 
To compare the MDLs obtained from laser and solution work, the MDLs for 
solution are referred to the concentration on glass assuming and average weight of 2mg 
of glass diluted into 4mL after acid digestion [37]. Therefore, MDL obtained in µg L-1 
were multiplied by a factor of 2 to be reported in µg g-1 on glass. 
2.3.4.3   Precision and Accuracy of LA and Solution Analyses 
The accuracy of the analyses was determined by comparing the SRMs NIST 612, 
NIST 1831, standards FGS1 and FGS2 experimental values of iron with the certified 
and/or consensus values. Precision was determined by calculating the relative standard 
deviation (%RSD) of 5 sampling replicates on each glass sample. The method was 
evaluated with an accuracy of ≤10% bias from the consensus or certified, and a precision 
of ≤10% RSD. 
2.4 Results and Discussion 
Three main ICP-MS configurations were used to evaluate the method detection 
limits of iron in glass analysis: ICP-MS STD mode, ICP-MS DRC mode and HR-SF- 
m
3σ
=MDL blank
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ICP-MS, where the latter two were used to reduce the polyatomic interferences 
associated with Fe measurements. MDLs were evaluated with laser ablation and solution 
modes since these are the two major sampling introduction methods routinely used in 
forensic laboratories for elemental analysis. Two laser systems were operated with 
helium and argon in order to account for the effects of laser wavelengths and carrier 
gases on the sensitivity. Table 1 shows the experimental parameters used for each ICP-
MS configuration.   
Both isotopes 56Fe+ and 57Fe+ were analyzed, however the target isotope in this 
study was 56Fe+ since it has a greater abundance than 57Fe+ (91.72% vs 2.2%). Iron 
interferences represent an analytical challenge for standard ICP-MS systems because 
polyatomic interferences containing argon (a property of the ICP) and calcium (a major 
component in glass) are present at very high levels.  
2.4.1   Method Evaluation for Solution Based and LA Analyses 
 2.4.1.1   Analytical Performance of DRC vs. STD Mode 
Analytical performance of the method was evaluated in terms of limits of 
detection, accuracy and precision.  For solution analysis in STD mode, 57Fe+ 
concentration on the standard FGS1 was considerably high compared to the consensus 
value meaning the interferences produced were not efficiently removed in this mode 
possibly due to high abundances of argon hydroxide interferences. This effect of the 
interferences in standard mode is more pronounced at low concentration levels of iron 
such as in the case of SRM 612 were iron is only present at 56.3 µg g-1. By using the 
DRC mode, the iron interferences were properly reduced leading to an accurate 
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measurement of 56Fe+ when compared to the consensus value (580 ± 60 µg g-1) with a 
bias and a precision of less than 10 % (Table 2). Iron of mass 57 was not measured in the 
DRC mode since the target mass to reduce interferences on DRC mode with methane was 
mass 56, therefore the effect on reducing the main interferences on mass 57 was not 
optimized. In the LA analyses with the STD mode and different carrier gases, 57Fe+ 
produced better accuracy than in solution based analyses. This is because in LA mode, a 
dry plasma contains much less hydroxide interferences such as 40Ca16O1H+, 40Ar16O1H+. 
For the analysis of 56Fe+ in the DRC Mode the interferences were efficiently reduced 
leading to a good accuracy of <10% bias and a precision of the measurements of < 
10%RSD (Table 3).  
Table 2. Results of accuracy (%bias) and precision (%RSD): solution based analyses for 
standard FGS1. 
Isotope aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias
57Fe 699 ± 9 1.3 21 - - -
56Fe - - - 554 ± 58 10 5
Isotope aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias
57Fe 544 ± 52 10 6 529 ± 13 3 9
56Fe 542 ± 61 11 7 521 ± 10 2 10
a
 Average (Ave) concentration in µg g-1
b
 Bias was determined using the consensus value of Fe: 580 ± 60 µg g-1 [27]
-Not determined.
E2 in HR  E2 in MR  
ELAN STD Mode ELAN DRC Mode 
 
2.4.1.2   Analytical Performance of HR-ICP-MS 
Interferences of 57Fe+ were not properly resolved for solution analyses with the 
ELEMENT 2 in low resolution mode hydroxides are present in wet plasma. Although 
oxide levels were optimized to less than 0.3%, the oxides could be transformed into 
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hydroxide species 40Ca16O1H+ and 40Ar16O1H+ with the water in solution causing a 
significant increase in the concentration measurement of 57Fe+ in LR compared to the 
consensus value of iron in the standard FGS1, therefore it was not reported. The accuracy 
and precision of 57Fe+ measurements were improved in medium resolution (MR) and high 
resolution (HR) with less than 10 % bias and less than 10 % RSD for precision (Table 3).  
Table 3. Results of accuracy (%bias) and precision (%RSD): LA analyses for standard 
FGS1. 
(ELAN DRC II -New Wave UP213 laser)
Isotope Average ± σ %RSD *%Bias Average ± σ %RSD *%Bias Average ± σ %RSD *%Bias
57Fe 526 ± 6 1 9 526 ± 9 2 9 - - -
56Fe - - - - - - 543  ± 13 3 6
(ELEMENT 2 -New Wave UP213 laser)
Isotope aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias
57Fe 557 ± 25 5 4 619 ± 5 1 7 630 ± 8 1 9
56Fe - - - 629 ± 11 2 8 636 ± 22 3 10
(ELEMENT 2 -New Wave UP213 laser)
Isotope aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias
57Fe 631 ±  15 6 9 602 ± 17 3 4 561 ± 39 3 3
56Fe - - - 609 ± 23 2 5 556 ± 8 2 4
(ELEMENT 2 -CETAC LSX 200+)
Isotope aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias
57Fe 613 ± 14 2 6 650 ± 13 2 12 565 ± 4 1 3
56Fe - - - 641 ± 3 0.5 11 648 ± 5 1 12
(ELEMENT 2 -CETAC LSX 200+)
Isotope aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias aAve ± σ %RSD b %Bias
57Fe 561 ± 16 3 3 613 ± 22 4 6 544 ± 40 7 6
56Fe
- - - 547 ± 16 3 6 636 ± 12 2 10
a
 Average (Ave) concentration in µg g-1
b
 Bias was determined using the reference value of Fe: 580 ± 60 µg g-1 [27] 
-Not determined.
E2 in LR (He) E2 in MR (He) E2 in HR (He)
E2 in LR (He) E2 in MR (He) E2 in HR (He)
E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar)
ELAN STD Mode (He) ELAN STD Mode (Ar) ELAN DRC Mode (Ar)
E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar)
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For most of the laser ablation experiments using HR-SF-ICP-MS with the three 
mass resolutions, the polyatomic interferences of 56Fe+ and 57Fe+ were properly resolved 
providing accurate concentration measurements of iron in the standard FGS1. Accuracy 
and precision of the analyses in all the mass resolutions were within the acceptable 
parameters (≤10% bias and ≤10% RSD) (Table 3).  
In general, solution based and laser ablation accuracy and precision results with 
the different ICP-MS configurations were in agreement. The results showed improved 
accuracy on the DRC and HR-SF ICPMS being medium resolution the optimum 
resolution mode for iron since it resolves the interferences without sacrificing sensitivity. 
The method was properly assessed giving validity to the MDLs results obtained during 
these experiments. 
2.4.2   MDL of Solution Based and LA Analyses 
 The iron method detection limits in DRC mode were significantly lower than in 
standard mode (0.03 vs 9.5 µg g-1 for laser ablation and 0.33 vs 1.9 µg g-1 for solution 
based analyses). This demonstrates the ability of DRC with eliminating interferences, 
reducing the limits of detection and allowing for more certainty in iron determinations in 
glass matrices. Higher background levels in solution and laser ablation analyses in the 
STD mode contribute to higher detection limits of 57Fe+.  
 The use of a high resolution sector field ICPMS resolved the polyatomic 
interferences in iron. Low MDLs for both iron isotopes were achieved in laser ablation 
analyses using the ELEMENT 2, particularly in medium resolution for 56Fe+. Higher 
MDLs in HR could be attributed to the increase in resolution, which decreases the 
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sensitivity, therefore affecting the limits of detection (Table 4). When comparing the 
MDLs results in MR and HR using the two laser systems, higher detection limits were 
observed with the NW UP213 laser system. The differences in the ablation process (i.e. 
amount of mass ablated) associated with the lasers energies could contribute to these 
variations. Regardless, the MDL values are comparable (Table 4). In the low resolution 
mode, high background levels contributed to the increase in the detection limits. This 
pattern was also observed for the STD mode in the quadrupole instrument. 
Table 4. MDLs for SRM NIST 612 laser ablation analyses of 56Fe+ and 57Fe+ using the 
different ICP-MS configurations. 
MDLs ± σ for Laser Ablation Analyses in µg g-1 (ELEMENT 2 -LSX 200+ laser)
Isotope E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar) E2 in LR (He) E2 in MR (He) E2 in HR (He)
57Fe 2.3 ± 0.1 0.40 ± 0.04 1.5 ± 0.5 2.4 ± 0.1 0.23 ± 0.06 1.2 ± 0.6
56Fe - 0.055 ± 0.003 0.15 ± 0.01 - 0.037 ± 0.003 0.11 ± 0.03
MDLs ± σ for Laser Ablation Analyses in µg g-1 (ELEMENT 2 -New Wave UP213 laser)
Isotope E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar) E2 in LR (He) E2 in MR (He) E2 in HR (He)
57Fe 8.3 ± 0.9 0.9 ± 0.4 3.6 ± 0.6 3.5 ± 0.3 0.8 ± 0.2 3.9 ± 1.2
56Fe - 0.12 ± 0.01 0.3 ± 0.1 - 0.085 ± 0.007 0.29 ± 0.05
MDLs ± σ for Laser Ablation Analyses in µg g-1 (ELAN DRC II -New Wave UP213 laser)
Isotope
ELAN STD 
mode (He)
ELAN STD 
mode (Ar)
ELAN DRC mode 
(He)
ELAN DRC 
mode (Ar)
57Fe 9.5 ± 1.0 9.6 ± 2.0 - -
56Fe - - a 0.025  ±  0.003 0.6  ±  0.2
a
 Data published from a previous study [21]
-Not determined.
 
The solution based analyses with the HR-SF-ICP-MS showed an improvement in 
the MDLs of both iron isotopes in medium and high resolutions vs. low resolution (Table 
5). In the quadrupole system the use of DRC allowed to achieve MDLs of 0.30 µg g-1 for 
56Fe+. In MR and HR, the interference signals are properly separated from the iron 
signals, while in the DRC mode; the polyatomic interferences are significantly reduced 
by chemical reaction but may not be completely removed.  
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In solution based analyses higher MDLs for 56Fe+ were obtained than with laser 
ablation. Differences in the MDLs could be attributed to the dilution factor and the 
possible increase in background contribution due to the digestion process in solution 
analyses. 
Table 5. MDLs results for solution analyses of 56Fe+ and 57Fe+ using the different ICP-
MS systems. 
MDLs ± σ for Solution Analyses in µg g-1 (ELEMENT 2)
Isotope E2 in MR E2 in HR
57Fe 0.19 ± 0.12 0.58 ± 0.10
56Fe 0.14 ± 0.06 0.62 ± 0.11
MDLs ± σ for Solution Analyses in µg g-1 (ELAN DRC II)
Isotope
ELAN STD 
mode 
ELAN DRC 
mode 
57Fe 1.9 ± 1.2 -
56Fe - 0.33 ± 0.41
-Not determined.
 
2.4.3   Carrier Gas Effect on Laser Ablation MDLs  
 MDLs for both iron isotopes obtained with the CETAC LSX 200+ laser coupled 
to the HR-SF-ICP-MS were not significantly different at low and high resolutions when 
argon or helium were used as the carrier gas. Slightly lower MDLs were obtained for 
56Fe+ and 57Fe+ when helium carrier gas was used in medium resolution.  Experiments 
performed with the New Wave UP 213 laser coupled to the HR-SF-ICP-MS showed 
similar MDLs for 57Fe+ and 56Fe+ with helium and argon carrier gases in medium and high 
resolution. In the low resolution mode, higher MDLs were obtained when using argon as 
carrier gas because of the higher background produced with this laser of lower energy 
(2.4mJ vs. 4.8mJ for the CETAC LSX 200+).  
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With the ELAN DRC II, the carrier gas effect was more significant. Lower 
detection limits are achieved when helium was used as the carrier gas. MDLs determined 
for iron isotopes in the ELAN DRC II with both carrier gases were comparable with what 
was observed in MR with the ELEMENT 2 with both laser ablation systems/carrier gas 
combinations.  For laser ablation analysis in glass matrix, helium as carrier gas has 
proven to increase the sensitivity in the detection of elements. The improvement in 
sensitivity is attributed to a more efficient particle removal and transportation into the 
ICP-MS [59-62]; therefore lower detection limits are achievable.  
2.5 Conclusions 
Polyatomic interferences for iron were significantly reduced or resolved with both 
DRC-ICP-MS and HR-ICP-MS. Method limits of detection as low as ~0.03 µg g-1 were 
achieved with both DRC and the SF instruments using laser ablation mode in glass 
matrices. DRC-ICP-MS provided an excellent tool to achieve low MDLs for Fe in both 
laser ablation and solution analyses, but it is limited to the analysis of few elements in the 
DRC mode since the suppression of interferences is chemically dependent and other 
interferences could be formed in the cell that affect the analysis. From a practical point of 
view, this limitation requires separate measurements for Fe and for the other elements 
typically used in glass comparisons, especially when LA is involved since the transition 
from DRC to non-DRC mode is not fast enough for transient signals. The need of 
performing separate analysis for Fe and for the rest of the elements used in glass analysis 
is not only time consuming but also requires more sample. An advantage of DRC-ICP-
MS over HR-ICP-MS is its lower costs and ease of use. 
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HR-ICP-MS allowed for the resolution of iron interferences in both medium and 
high resolutions. In laser ablation, the lower MDLs were achieved using medium 
resolution since in high resolution the sensitivity is significantly reduced, affecting the 
detection limits. In solution analyses, the HR-ICP-MS system at MR provides lower 
detection limits than DRC-ICP-MS. Advantages of HR-ICP-MS vs. DRC-ICP-MS 
instruments include its capability to achieve lower MDLs for Fe (particularly in laser 
ablation introduction method) and its capability to conduct multielemental analysis using 
laser ablation. Nevertheless, the fast transient signal measured in laser ablation does not 
allow to switch from different resolution modes in the same method, therefore the 
analysis with LA is limited one resolution in the sector field instrument. 
Solution and LA analyses with the different ICP-MS instrumental setups provide 
accurate and precise measurements of the iron isotopes. The accuracy and precision in a 
multielemental analysis could be affected when the DRC-ICP-MS is used. The reactant 
gas could react with other isotopes of interest within the glass matrix causing problems in 
their detection. Although similar MDLs can be achieved with helium or argon as carrier 
gas in the LA-HR-ICP-MS systems, lower detection limits could be obtained with 
helium.  
This work demonstrates the capabilities of these ICP-MS systems and setups to 
resolve and/or reduce polyatomic interferences allowing for accurate and precise 
measurements of iron isotopes in glass matrices. Although there were some differences in 
MDLs for each of the LA setups and ICP-MS systems, these results open the possibilities 
of doing elemental analysis, which includes the use of iron isotopes in routine casework 
analysis of glass and possibly for the analysis of bone, teeth and plant materials.  
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3 HR-ICP-MS AND LA-HR-ICP-MS FOR THE ELEMENTAL ANALYSIS OF 
BONE AND TEETH 
 Bone and teeth are calcified tissues in the human body where mineral in the form 
of hydroxyapatite is the predominant constituent. Trace elements are commonly found in 
the mineral phase of these calcified tissues, although some elements could be associated 
to the organic phase. Light and heavy isotope ratios have been used in anthropology for 
determining dietary lifestyles of populations and for provenance purposes as mentioned 
previously.  On the other hand, the elemental composition on these matrices may act as a 
fingerprint as well as allowing identification of an individual from commingled samples.  
Several factors could influence the concentration of trace elements in bone and 
teeth, especially in buried samples. Factors affecting bone and teeth trace element content 
(additionally to the diet intake) includes: remodeling process [84], bone diseases [84-86] 
or tooth cavities [87-89], and direct exposure from contaminated materials [90, 91]. In 
bone buried samples, soil conditions such as temperature, pH, and water exposure can 
cause changes in the mineral composition of bones leading to exchange of ions with the 
environment [92]. Therefore diagenesis needs to be assessed in order to distinguish the 
biogenic from the diagenetic signal. In order to better asses the elemental composition of 
these matrices it is important to know how trace elements are related and associated to 
these calcified tissues. A comprehensive background about bones and teeth matrices 
development, their constituents and elemental composition is described below.  
Elemental analysis of glass and paint by ICP-MS and LA-ICP-MS has shown 
previously to provide a very high degree of discrimination between different sources of 
manufactured materials as mentioned in previous chapters. There has also been an 
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interest in the application of elemental analysis by these sensitive methods to the analysis 
of bones and teeth. Since these biological matrices play an important role in the forensic 
analysis of a crime scene and in massive burials, the development and application of 
robust analytical methods for the detection and quantification of trace elemental analysis 
will lead to a better understanding of the potential utility of these measurements in 
forensic chemical analyses. Among the instruments used to study these biological 
materials are Neutron Activation Analysis (NAA) [93, 94], Atomic Absorption 
Spectrometry (AAS) [95-100], X-Ray Fluorescence (XRF) [86, 101], Inductively 
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) [102], Laser Induced 
Breakdown Spectroscopy (LIBS) [103-106] and Inductively Coupled Plasma-Mass 
Spectrometry [3, 107, 108]. These techniques have some considerations such as 
analyzing highly complex matrices, resolution of spectral interferences capabilities, a 
wide concentration range of analysis (ng g-1 – %wt), cumbersome sample preparation 
procedures and possible contamination of the sample. Inductively Coupled Plasma Mass 
Spectrometry is one of the preferred techniques for elemental analysis since it can 
provide excellent sensitivity, accuracy and precision of the analysis. The use of a sector 
field High Resolution Inductively Coupled Plasma Mass Spectrometry system offers the 
resolution of polyatomic interferences improving the detection of trace elements in 
complex matrices such as bone and teeth in addition to improving the detection limits 
over a quadrupole based ICP-MS device. By coupling a laser ablation (LA) system for 
solid sampling, the sample preparation steps and the destruction of the sample are 
reduced significantly. Another advantage of LA is the possibility of doing quantitatively 
analysis using a non matrix match calibration with internal standardization which is 
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useful for the analysis of teeth samples where there are no reference standards. Having a 
general method that works for both matrices (bone and teeth) simplify the analysis. Since 
reference materials such as NIST 612 and NIST 610 have been used for non matrix 
match standard analysis successfully [65-67], this study used the same method. Laser 
ablation also allows for spatial resolution analysis at micron level in the rastering mode 
which is been used to evaluate elemental composition changes throughout the matrix for 
several applications [83, 109, 110]. For buried bone samples the LA spatial resolution 
capabilities provides with a great analytical tool for assessing variations of elemental 
composition in bone matrix and separate the biogenic form the diagenetic signal.  
A method for the analysis of bone and teeth materials was developed by analyzing 
bone SRMs NIST 1486 and NIST 14000 with LA-HR-ICP-MS is suggested. The 
analytical technique (LA-HR-ICP-MS) was optimized and compared against dissolution 
work to confirm and validate the accuracy of the method and to assess the possibility of 
matrix suppression effect from major elements Ca and P in bone analyses. An element 
menu was selected for discrimination of bone and teeth samples from different origin 
based on the following characteristics: (1) the elements should be consistently present in 
bone and teeth matrix, (2) the concentration of these elements in the matrix should be 
above instrumental detection limits, (3) the elements should be preferably associated to 
the inorganic phase of these matrices, and (4) the elements less prone to diagenesis are 
preferred. A discrimination data analysis was then performed using the chosen element 
menu. Discrimination analyses bone and teeth samples were carried out. 
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3.1 Bone Matrix 
 The human skeleton is composed of over 200 bones each of them varying in size, 
shape, and function. Bones are divided by gross structure and shape.  There are two 
groups of bones based on the gross structure: (a) cortical or compact bone and (b) 
trabecular or spongy bone [4]. Compact bone is a dense structure located at the outer 
layers of bones while trabecular bones are less dense with a honeycomb-like structure 
located at the inner layers of the bones. Variations in the annual turnover rate of bones 
are related to the type of bone and the age. For young adults and children the bone 
turnover rate is higher when compared with adults. The annual turnover rate for compact 
bone in general is approximately 2.5% while the trabecular bone is approximately 10% 
[4]. Therefore the elemental composition in human bones is time dependent. Recent 
exposure events could be assessed by analyzing trabecular bones, while information of 
more extended periods could be evaluated with compact bone.  
At the shape level, the bones are classified in three types: (a) long bones, (b) flat 
bones, and (c) irregular bones. The long bones are found in the limbs and have an 
elongated diaphysis with epiphyses at the ends. Long bones are located in the arms, legs, 
hands, feet, fingers and toes that include femurs, tibias, fibulas, radii, humerus, ulna, 
metacarpals, metatarsals, and phalanges. The external layer of the long bones is covered 
with connective tissue (periosteum). The outer layer of the long bones consists of 
compact bone while the inner layer is trabecular bone containing the red bone marrow.  
The flat bones provide with extensive protection and a large surface for muscular 
attachment. Flat bones are broad and flat plates shape such as the skull, pelvis, sternum, 
rib cage, and scapula.  They are composed of two thin layers of compact bone with an 
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internal layer of trabecular bone where the bone marrow is located. Flat bones include the 
occipital, parietal, frontal, nasal, lacrimal, vomer, scapula, os coxæ (hip bone), sternum, 
and ribs. The irregular bones have a distinctive shape different from long and flat bones. 
The functions of these bones include protection of nervous tissue, anchor points for 
muscle attachment, and maintain support of some other parts. Irregular bones are made of 
trabecular bone between two thin layers of compact bone. Vertebræ, sacrum, coccyx, 
temporal, sphenoid, ethmoid, zygomatic, maxilla, mandible, palatine, inferior nasal 
concha, and hyoid are irregular bones. 
It is been reported by Sillen in 1989 [111] that compact bone of the shaft of long 
bones are often chosen for elemental analysis since they are less susceptible to experience 
environmental contamination and been affected by diagenetic processes, although other 
bones such as rib, clavicle, and ulna have shown good results [112]. For the purpose of 
this study compact bone fragments of the epiphyses regions (proximal and distal) of long 
bones were analyzed. 
In general, bones are composed of approximately 70% mineral phase, 20% 
collagen, 8% of water and 2% of other components [4]. The mineral portion of bones is 
primarily calcium phosphate in the amorphous and crystalline forms; been the crystalline 
the dominant form in adult’s bones. The crystalline hydroxyapatite is represented by the 
unit cell formula Ca10(PO4)6(OH)2. About 40% of the compact bone mineral phase is in 
the amorphous form, which can spontaneously transform into the crystalline form in the 
presence of water. Therefore most of the archeological bone samples are in the crystalline 
form [15].  
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The calcification process in bones refers to the mechanisms involved in the 
deposition of amorphous and crystalline hydroxyapatite in an organic matrix.  Posner in 
1978, suggested three main factors involved in the calcification process of bones: (1) 
increasing the production of (Ca2+) x (PO42-) solution ion in an optimal level so that a 
spontaneous precipitation of the mineral occurs, (2) availability of substances that create 
nucleating sites or eliminate anything that interferes with the sites, and (3) the removal of 
substances that prevent mineral formation or turned to inactive to allow the calcification 
[113]. The enzyme alkaline phosphatase it is found to hydrolyze phosphate esters 
producing an excess of free inorganic phosphate ions, thus increasing the (Ca2+) x (PO42-) 
at specific calcification centers enough to cause apatite precipitation. This enzyme is used 
as an indicator of active bone metabolism.  The calcium-binding proteins are suggested to 
be associated to the formation of apatite by increasing of the (Ca2+) x (PO42-) product. 
These enzymes seem to raise the calcium phosphate supersaturation allowing the apatite 
to form.   Nucleation is the process that allows for the precipitation of a minimum amount 
of salts ions. Nucleation in bone is considered to be heterogeneous since it is highly 
dependent on the availability of nucleating substrate. Collagen, carbohydrate protein 
complexes (glycoproteins), matrix vesicles (osteoblasts and chondrocyte), and the 
calcium storage in osteoblasts and chondrocytea have been found to provide with 
nucleating sites for the calcification of bone.  Magnesium is an intracellular ion present at 
high concentrations in bone matrix that prevents the formation the crystalline apatite from 
the amorphous form in the matrix vesicles. The proteoglycans in cartilage and 
pyrophosphates are also related to slows down or inhibit the calcification process of 
bones.  It is been suggested that the pyrophosphates are regulators of the calcification of 
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soft and hard tissues. The precipitation of calcium phosphate has shown to be inhibited 
by the pyrophosphate in solution of crystals and in presence of apatite crystals forms. 
Also the presence of pyrophosphate slows the transformation of the amorphous form into 
crystalline apatite [113].   
The crystalline hydroxyapatite is formed by repetitions of the unit cell 
Ca10(PO4)6OH2. Hydroxyapatite is a right rhombic prism that arranges in such a way that 
forms a hexagonal lattice [113]. The crystals have three zones: (1) crystal interior, (2) 
crystal surface, and (3) the hydration shell. All the zones provide with a surface for ions 
exchange. A rapid exchange of ions is expected to occur in the hydration shell and in the 
crystal surface, while the exchange in the crystal interior is probably slower. Ions such as 
Fe, Cu, Pb, Mn, Sn, Al, Sr, and B have been detected at trace levels in bones, although 
hydroxyapatite itself have shown to vary with age [113]. Elements such as Sr, Na, and Pb 
are known to substitute Ca in apatite, while elements that cannot be accommodated in the 
apatite lattice (e.g. potassium) are likely to be absorbed on the surface. 
The amorphous apatite is distributed throughout the bone matrix, although in the 
mineral phase of an adult human femur, close to 40% is in amorphous apatite form. The 
amorphous phase has been found to decline with time. The distribution of the ions in the 
amorphous phase is unknown because the amorphous calcium phosphates have not a 
rigidly defined chemical composition. The rate at which the amorphous form transforms 
into the crystalline apatite depends mainly on the apatite product rather than the 
amorphous precursor. Chemical species such as pyrophosphates, diphosphonates, 
adenosine triphosphate, ATP and Mg can either stabilize the amorphous calcium 
phosphate formation or prevent it to transforms into the crystalline form.  
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The movement of ions in bones has been extensively studied. Recently the use of 
radioactive tracers has been implemented for a better understanding of the movements of 
ions into and out of the human skeleton. The behavior of some alkaline earths with 
respect to calcium has been studied. These studies were performed with respect to 
calcium since the total mass of bone in a standard man of 70 kg is 5000g and the total 
body calcium is 1000 g. From the total amount of calcium, about 0.4% is in soft tissues 
and 0.03% is in the blood, therefore the large amount of calcium could be involved in the 
transfer of ions in and out of the skeleton.  Calcium, strontium, barium, and radium are 
similarly distributed in the skeleton throughout the bone mineral. Although they have 
similarities in the absorption, excretion, and skeleton deposition, there are some 
differences in how they are retained.  The movement of ions in the skeleton depends 
greatly of the bone type.  In a study where the four radionuclides (47Ca, 85Sr, 133Ba, and 
233R) indicated that the turn over rates in bone are similar although differences in the late 
retention is attributed to the differences in clearance from labile body pools.  
Trace elements found in human bones are listed in Table 6 [114]. These trace 
elements are essential in different metabolic processes associated with the bone growth in 
the mineral and the organic parts, and most likely involve the interaction with proteins 
and enzymes. They can be bound to the organic component of bone or be absorbed by the 
mineral portion without forming a separate mineral [114]. Elements such as Mn, Cu, and 
Zn are required for the development of healthy bones [114]. Elements that with toxicity 
effects to humans are Pb and Cd. Lead, strontium, barium and zinc are likely to be 
integrated in the mineral structure because they are still present in the mineral phase after 
removal of the organic portion [115]. On the other hand most of the Al, Cu, Fe and a 
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minor part of Zn seems to be bonded to the organic portion since they have been found in 
high concentrations in the tendon as well [114].  
The distribution of some trace elements throughout the skeleton seems to vary 
according to the bone structural and functional conditions [116, 117]. Bratter et al. 
reported that the concentration of Br, F, Pb, Sr, and Zn in different parts of the skeleton 
varied within a single bone and in other parts of the skeleton. It was also found higher 
concentrations of trace elements in the epiphyseal areas of long bones than in the shaft. 
Also higher concentration of some elements is found in the trabecular bone than in 
compact bone [116]. 
Table 6. Concentration ranges of trace elements detected in human bones [105]. 
Element a Concentration Range (µg g-1) Element a Concentration Range (µg g-1)
Li 1-26 As 0.011 ± 0.0005
Be 0-4 Se 0.1-21
B 2-4 Br 1-5
Al 3-241 Rb 0.3-0.7
Si 3-40 Sr 75-150
S b 0.69-1.83 Zr 0.3-6
Ti 0.1-2 Mo 0-0.1
V 0.04-8 Ag 1-19
Cr 0.1-6 Cd 1-8
Mn 0.2-26 Sn 3-13
Fe 3-120 Sb 0-3
Co 0-0.4 Ba 20-5940
Ni 2-18 Hg 0.012 ± 0.0003
Cu 1-3860 Pb 10-50
Zn 50-280 Rare Earths 0.001-2.2
a
 Concentration in Dry Weight
b Concentration in wt%
 
 Carvalho et al. in 2004 performed studies of trace element in post-mortem bone 
samples from an archeological place using total reflection x-ray fluorescence (TRXRF) 
[118]. They determined the elemental profile of the trace elements Mn, Fe, Cu, Zn, Sr, 
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Ba, and Pb in the femur cortical and trabecular bones of a man and woman buried on the 
same grave in Portugal. In general Sr and Zn are relatively constant throughout the 
compact bone, which confirmed previous studies suggesting these elements concentration 
are not likely to be affected by diagenesis.  There were variations in concentration in the 
inner portion (layer exposed to the trabecular bone) and in the external surface exposed to 
the soil. The differences in concentration at the inner and outer layers of compact bone 
were attributed to the soil contamination and the deposition of elements in the pores and 
voids of the trabecular bone that is in contact to the inner layer. Enrichment of Mn, and 
Fe in both compact and trabecular bone were observed, although their concentration was 
more prominent in the trabecular bones due to the larger pores and voids that will allow 
the accumulation of these elements. The dense structure of compact bone makes it less 
susceptible for the accumulation of Fe and Mn. The Fe and Mn concentration in 
trabecular bone agreed with the concentration found in soil suggesting environmental 
contamination with these elements. It was demonstrated that manganese, iron, and copper 
from the soil penetrated easily in the bone especially at the periosteum and trabecular 
bone. Lead concentrations in the inner and outer layers of compact bone were consistent 
with the concentration in soil suggesting port-mortem accumulation of this element from 
the environment. On the other hand lead concentrations in the inner layer of compact 
bone are related mostly to the intake prior burial.  
To better understand the elemental composition of bone it is important to 
comprehend the chemistry of trace elements involved somehow with the bone matrix, 
bone growing mechanism, the storage of elements in the skeleton, and knowing the origin 
of these trace elements occurring in in vivo bone tissue. Although there is many trace 
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elements found in bone matrix (Table 6), there are only few that are of importance or 
related to bone regardless its function in the skeleton. Among these elements are: iron, 
aluminum, strontium, lead, zinc, barium, copper, magnesium, and manganese. When 
dealing with buried samples diagenesis is an important consideration in bone elemental 
composition, especially when the former is used for sourcing or determining dietary 
habits of individuals and/or populations.  
3.1.1   Trace Elements in Bone Matrix: In Vivo 
3.1.1.1   Zinc  
Zinc concentration in the human body is 3 mg/100g of body weight. Skeletal 
abnormalities in fetal and postnatal development are strongly related with Zn deficiency.  
Zinc is essential for proper functioning of over a hundred enzyme systems in almost 
every tissue in the body, protein synthesis, carbohydrate metabolism, and bone formation. 
Studies on Zn in bone tissue culture demonstrated that Zn was involved in the increase of 
protein synthesis, the activity of the enzyme alkaline phosphatase, and in the bone 
collagen content [119, 120]. It is been found that Zn concentrates in the layer of osteoid 
before calcification takes place, which corresponds to the greatest concentration of 
alkaline phosphatase. This enzyme uses Mg as cofactor and an excess of Zn will inhibit 
the enzyme if Mg is displaced.  Another enzymes essential in bone formation and 
remodeling is the collagenasa, which is Zn dependent. Studies in chick demonstrated the 
inhibition of this enzyme with the deficiency of Zn [121]. Zinc is also located in the bone 
mineral phase, most likely in hydroxyapatite in the form of a complex with F. This 
complex Zn-F may improve the crystalline structure of the apatite [122]. 
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3.1.1.2   Copper  
 Several studies have reported that a diet deficient in Cu inhibits the bone growth 
and with pathological changes related to osteoporosis [123-125]. Copper has structural 
and functional roles in several important enzyme systems including the mitochondrial 
cytochromes, lysyl oxidase, superoxide dismutase, ceruloplasmin, and copper binding 
protein (CuBP) of intestinal mucosal cell cytosol. Copper works as an electron acceptor 
in the electron transport chain that allows the normal intracellular activity within the 
metabolic active bone cells. Once the copper is absorbed in the gastrointestinal mucosa, it 
is transported to albumin and to ceruloplasmin. Eight Cu atoms are in the ceruloplasmin 
molecule from which 4 are exchangeable and are part of the transportation mechanism; 
and the other 4 atoms are part of the structure. Bone mineral metabolism seems to not be 
directly affected by Cu, although its been found it plays a role in the cartilaginous phase 
as a cofactor in lysyl oxidase [126]. The liver and brain are the primary Cu storage organs 
since they store copper in ceruloplasmin. Bones do not make ceruloplasmin but still need 
it for Cu storage. Therefore bone overexposure to Cu has no physiological impact.  In the 
mineral phase Cu is likely to be intergraded in the crystal lattice as any other divalent 
cation. 
3.1.1.3   Magnesium  
Magnesium is one of the most abundant cations found in the skeleton. It is found 
in all living tissue as an intracellular ion and it is an activator of many enzymes especially 
the ones related to the calcification of the skeleton (alkaline phosphatase and 
pyrophosphatasa) [113]. The use of Mg is essential for any enzyme catalyzed by ATP. 
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Magnesium also can inhibit the formation of calcium apatite within matrix vesicles. 
Around 60% of the magnesium in the human body is found in the skeleton and 
approximately 1% of the total body magnesium is extracellular [15]. Close to 30% of the 
magnesium in bone is absorbed on the crystals apatite surface to be exchangeable while 
the other 70% is been found to be integrated in the crystalline apatite by replacing Ca. 
[15, 113]. Magnesium concentration has been found to be constantly higher in trabecular 
bone than in compact bone.  
3.1.1.4   Iron  
It is been reported that the iron in the skeleton is associated to the organic phase 
rather than in the mineral portion. The iron in human bone ranges from 0.04-1.1 mmol 
kg-1dry weight. The iron from the diet intake comes from plant and animal sources, which 
are associated to the two forms of iron: the heme that is derived from the myoglobine and 
hemoglobine, and the nonheme that come mainly from the plants. The iron present in 
bone tends to depend on the bone retention capabilities. The absorption of the heme iron 
is less affected by other dietary constituents while the nonheme absorption could be 
increased by vitamin C and alcohol [15]. Trace metals such as Ca, Cd, Cu, and F can also 
affect the absorption of iron in bone [127]. Histochemical and radionucleid studies of iron 
overload in the skeleton have shown the capabilities of iron to be absorbed by compact 
and trabecular bone. Also iron it is been found at the trabecular and endosteal surfaces, in 
mineralized bone at the junction of osteoid, and deposited into osteoclasts, osteocytes, 
and osteoblasts [127]. Contamination with iron from the soil is typically questioned 
especially when analyzing ashed bone. Since iron is mostly bound to the organic phase 
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(collagen) and this phase is less susceptible to exchange reactions than the mineralized 
bone, the contribution of iron from the soil could be minimal [15]. 
3.1.1.5   Strontium  
Strontium shares many of calcium’s chemical properties. One of these properties 
includes the replacement capabilities with calcium in different metabolic processes.  
Around 99% of the strontium in the body is located at the skeleton therefore the analysis 
of bone mineral has been used to follow up feeding habits [15]. The distribution of 
strontium in bone is similar to calcium, although bone and other organs such as kidney 
and the intestine prefer calcium over strontium. The discrimination is mainly attributed to 
the presence of living cells although also occurs at the crystal formation level [113]. The 
strontium levels in human bones vary with diet. The strontium concentration in a human 
ulna, was higher in the diaphysis than in the epiphyseal region, which may indicate 
differences in Sr concentration in trabecular and compact bone [118]. It is been reported 
that high Sr intake resulted in defective bone formation and mineralization [128-130].  
3.1.1.6   Manganese 
 The skeleton is one of the main manganese storage locations. Most of the 
manganese is associated to the mineral phase with a small portion linked to the organic 
matrix [15]. Concentrations ranging from 1 to 4 ppm in bone ash were reported 
previously [131]. Manganese plays as a co-factor of a variety of enzymes such as 
pyruvate kinase, superoxide dismutase and carboxylases. A deficiency of manganese is 
been correlated to retarded bone growth, and skeletal abnormalities producing deformity 
in long bones and joint in mammalians. In a study with a Mseleni population of South 
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Africa it was reported that a deficiency in manganese diet could be a consequence of a 
disorder of mineralization and epiphyseal dysplasia [132].   
3.1.1.7   Aluminum  
 Most of the aluminum ingested is eliminated in the faces but some small portion 
is absorbed in the gastrointestinal wall allowing accumulation in organs such as the liver, 
the testes, and in bones [114]. Also it is been found that fluorine increases the elimination 
of aluminum in the feces most likely because of the ability of Al3+ to from a complex 
with F- ions. Rodriguez et al. performed a study with rats and showed a decrease of the 
osteoblast surface and an increase in the osteoid accumulation after the administration of 
aluminum, causing a cessation of bone formation [133]. These results suggest that bone 
formation is inhibited by the reduction of osteoblast activity, the osteoid mineralization 
and the matrix formation associated with the increase in aluminum content. Prolongated 
exposure to aluminum from antiacids and contaminated food and water may lead to a 
significant accumulation in bone. Other components that could increase or decrease the 
absorption and deposition of Al include citrate and ascorbate. Citrate in conjunction with 
the aluminum chloride in water demonstrated an enhancement in the Al absorption in 
bone of rabbits, while the ascorbate prevented its accumulation enhancing its excretion. 
3.1.1.8   Barium 
In a human diet, barium is not considered as an essential element in nutrition 
[134], although at some extent exposure from air, food and water occurs. Particles of 
barium are found in air due to industrial emissions from combustion of coal and diesel, 
and incineration processes. Concentration of barium in the ambient has been reported to 
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range from 0.0015-0.95 mg m-3 [135]. On the other hand lower concentrations (<0.002mg 
g-1) of barium are found in most of the foods such as milk, potatoes, and flour [136]. The 
average human barium intake ranges from 0.65-1.7mg per day. In a study of barium 
content in human organs and tissues it was reported a that the total body barium content 
in a 70kg adult was 22,000µg with 93% of it found in bones and connective tissues [134]. 
Most of the barium is found associated to the inorganic portion of bone [114]. The 
incorporation of barium in the bone matrix is similar as calcium but it occurs at a faster 
rate [137]. In a study the barium retention on dogs bone surfaces have been reported to be 
longer than the retention of calcium, especially close to the Havarsian canals [138]. It is 
estimated that the half life of barium in bone lasts for about 50 days [139].  
3.1.1.9   Lead  
 Lead is one a toxic metal to humans, and the skeleton isthe primary storage site 
for this element. This heavy isotope has a +2 valence that allows its accommodation in 
the empty spaces destined for cations such as calcium in the hydroxyapatite crystals 
without altering its functionality, although deforming it [140]. About 90% of the body’s 
lead is located in the skeleton. The deposition of Pb in the skeleton is been described as a 
protective mechanism against lead toxicity. Since it has the capability of substituting 
calcium in hydroxyapatite, lead has been denominated as a volume seeker in the skeleton. 
The transfer of lead into the skeleton is most likely driven by diffusion from the blood 
supply passing through the skeletal cell layer into the semi-fluid section surrounding the 
hydroxyapatite crystals [127]. Lead is incorporated into an exchangeable surface and then 
passes to the non-exchangeable portion where the lead can be released by the change of 
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some factors such as the bone turnover rate, the surrounding pH, the concentration of the 
elements calcium, magnesium, and phosphate, and some bone regulating hormones. Lead 
seems to affect the functionality of the osteoblast inhibiting the bone formation by 
diminishing the collagen production and the bone growth.  The mineralization process is 
also affected by the presence of lead by causing a decrease in calcium content, which is 
enough to produce rickets. The removal of lead from the skeleton will increase its 
presence in the blood stream, increasing the chances of causing damage to soft tissue and 
other organs. Under normal circumstances where there was no environmental 
contamination or exposure to lead the human skeleton levels should be practically zero. 
Data retrieved from several studies may suggest that there where insignificant differences 
in lead concentration (in ash weight) among different bones, except for the hard portion 
of the temporal bone that has been reported to have significantly higher lead 
concentrations. Lead skeletal content seems to increase in an irregular way with age 
[141]. 
3.1.2   Diagenesis in Buried Bones 
 In archeology the term diagenesis is described as the effect of the chemical, 
physical and biological conditions affecting the chemical or structural characteristics of 
buried bones and which determine if the material is destroyed or preserved [142, 143]. 
The buried bone material suffers from alterations such as molecular loss and substitution, 
crystallite reorganization, porosity and microstructural changes [144] that could lead to 
the uptake of cations, exchange of ions, breakdown and leaching of collagen, microbial 
attack, alteration and/or leaching of the mineral matrix, and infilling with mineral 
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deposits among other processes which settle the preservation or destruction of the buried 
bone. Diagenesis pathways are: (1) chemical deterioration of the organic phase, (2) 
chemical deterioration of the mineral phase, and (3) microbial attack [145]. 
The gradual loss of the organic phase strongly depends on the temperature and the 
pH of the environment. At higher temperatures of the organic material in buried bones 
will degrade at a faster rate. The underground water and its pH will allow for the removal 
of soluble products while the insoluble ones could be removed by physical means. Fatty 
products are more likely to be removed by alkaline waters while the more acidic products 
will be more easily removed at lower pH [92]. Once the organic portion is removed, the 
porous surfaces become more exposed and therefore susceptible to hydrolytic infiltration 
that may facilitate the uptake of endogenous and exogenous charged species into 
hydroxyapatite. The exposed porous bone surfaces will also easy the penetration of 
microorganisms causing chemical changes in the mineral phase where re-crystallization 
of hydroxyapatite may lead to the incorporation or substitution of exogenous material 
[146]. Therefore assessing the effects of diagenesis in buried bone is crucial for 
interpretation of the elemental composition in this matrix.  
To better evaluate the diagenetic signal in buried bones the analysis of the soil 
associated to the samples is desirable. If the concentration of the elements in the soil and 
the bones are in agreement, then there is a strong evidence of diagenesis [12, 118]. 
Additionally to the elemental composition of soil, four diagenetic parameters have 
been used to assess diagenesis in buried bones: (1) collagen content, (2) histological 
integrity, (3) porosities (potential of hydrolytic leaching), and (4) crystallinity determined 
based on the infra-red splitting factor (IRSF). The histological integrity of bone and the 
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collagen content register the effects of diagenesis while the porosity and at some degree 
the crystallinity reflect the response of bone to the environmental conditions. Although 
these factors are useful to assess diagenesis, they are not directly correlated to any 
degradation process. The increase of these factors indicates a greater degree of diagenetic 
effects in the bone samples and is dependent on the environmental conditions [146]. 
 When soil and the environmental conditions where the bones were buried are 
unknown, a different approach may be taken with a simpler strategy that has been 
recognized to evaluate and separate the biogenic elemental composition of buried bone 
from the one originated from diagenesis. This procedure is based on the higher solubility 
of the diagenetically altered material compared to that in biogenic bone mineral. The 
major component of biogenetic material is hydroxyapatite. Any alteration on 
hydroxyapatite will be an indication of diagenesis. The assessment of diagenesis in 
buried bones, the Ca/P ratio is determined. Any deviation from the theoretical Ca/P ratio 
for native (unchanged) hydroxyapatite (2.15) will indicate the bone has suffered of 
diagenesis, therefore the elemental composition of the bone samples are not from 
biogenic origin [10]. The theoretical Ca/P value was corroborated with the results 
published by Gawlik et al. in 1982 [11]. They reported a Ca/P experimental value of 2.17 
± 0.17 for experiments done with bone samples from the iliac crest of 20 individuals [11]. 
Dickerson in 1962 reported the Ca/P ratio found in femur samples of individuals of 
different groups’ ages with the purpose of determining the changes in the composition of 
human femur during growth. Results on the analysis of the epiphyses portions of femurs 
of 5 groups of ages from 2 days old to 12 years old showed an average of Ca/P ratio of 
2.10 ± 0.29. Analysis with whole bones of adults between 18 to 35 years old showed a 
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Ca/P ratio of 1.72 ± 0.22 [9]. Results of Ca/P seemed to vary according to the bone 
portion analyzed and the age. The Ca/P ratio of young mature bones is found to be below 
the theoretical value. This is attributed to the turnover or remodeling rate which is faster 
at this age. The Ca/P ratio in human bone increases with age as the turnover rate becomes 
slower [114].  
 It is also been reported that the middle layer of compact bone is less likely to 
experience diagenetic changes [118]. Analyses of cross-sections of femur compact bone 
by electron microprobe and total reflection X-ray fluorescence have demonstrated 
constant concentrations of elements such as Sr, Zn, and Pb between the periosteum and 
endosteum. The periosteum and endosteum regions showed a drastic change on elemental 
concentration suggesting that the elemental composition in these areas is from diagenesis 
or due to the closeness to trabecular bone [12, 118]. 
For the purpose of this study the area between the periosteum and endosteum of 
femur and humerus compact bones are analyzed to avoid the diagenetic signal. To 
corroborate the biogenic signal, the Ca/P ratios in the area of analysis are determined. 
Since femur and humerus bones were analyzed in this study, the Ca/P ratio reported by 
Dickerson et al. for femur bones (2.10 ± 0.29) will be considered as unchanged 
hydroxyapatite; therefore the elemental composition should be primarily biogenic [9]. 
Additionally a spatial resolution analysis of bone layers was performed with LA-ICP-MS 
to confirm the stability of the biogenic signal between the periosteum and endosteum of 
the bone samples. 
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3.2 Tooth Matrix  
 To understand the mineral nature and the elemental composition of human teeth it 
is important to know how teeth develop and their constituents. The development of the 
three principal layers of tooth will be discussed next, although only the elemental 
composition on enamel and dentine mineral phase will be discussed since these are the 
main studied layers of tooth for elemental and isotopic analyses in anthropology and 
forensics. 
3.2.1   Tooth Development 
The development of human tooth is a complex process that starts its formation 
from the embryonic cell all the way to eruption in the mouth. The process of tooth 
formation is mainly separated in the following stages: (1) the bud stage, (2) the cap, (3) 
the bell, and (4) crown or maturation. All these stages can be appreciated microscopically 
with different histologic sections of the same developing tooth at each stage [147]. 
 At the bud stage it is evident the appearance of the tooth bud where there is no 
clear arrangement of cells. During the cap stage the cells start to arrange. The aggregation 
of ectomesenchymal cells results in what is called the dental papilla. Here the tooth bud 
grows around this aggregated cells becoming the enamel (or dental) organ. The dental 
follicle which is a condensation of ectomesenchymal cells will surround the enamel organ 
and limit the dental papilla. Further development will lead the enamel organ to produce 
the enamel and the dental papilla to produce the dentine and pulp of the tooth [147]. At 
the bell stage histodifferentiation and morphodifferentiation occur.  Cells surrounding the 
enamel organ divide in three layers: the outer enamel epithelium (cuboidal cells on the 
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periphery of the enamel organ), the inner enamel epithelium (columnar cells adjacent to 
the dental papilla), and the stratum intermedium (cells between the inner enamel 
epithelium and the stellate reticulum). These layers will eventually from part on the 
development of the dentine and enamel. Also during the bell stage the initial growth of 
the crown and maybe other structures such as enamel knots, enamel cords, and enamel 
niche are observed.  In the crown or maturation stage the hard tissues begging their 
development. Dentine and enamel layers start to develop at this stage, been the dentine 
formed before the enamel (Figure 6). 
3.2.1.1   Dentine 
 The process called dentinogenesis, which is the first indication of the crown or 
maturation stage in the tooth, forms the dentine. Several dentine types such as mantle 
dentin, primary dentin, secondary dentin, and tertiary dentin result from the different 
stages in dentinogenesis. Odontoblasts are the cells in charge of the formation of dentine 
and secrete an organic matrix which contains collagen fibers that will surround the area 
near to the inner enamel epithelium. Then the odontoblast process take place where the 
odontoblasts move inwards to the center of the tooth, inducing the secretion of 
hydroxyapatite crystals and the mineralization of the matrix. This layer of mineralization 
area is known as mantle dentine [148]. The primary dentine forms because of the increase 
in the size of the odontoblasts that diminishes the availability of extracellular resources to 
from part of the organic matrix for the mineralization. The increase in odontoblasts size 
also causes a reduction of collagen secretion, which results in a tightly arranged 
heterogeneous nucleation during the mineralization process.  After the root formation, the 
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secondary dentine is deposited at a slow rate and is not uniformly distributed along the 
tooth [149]. The development of the secondary dentine layer occurs throughout life. The 
tertiary dentine occurs as reparative or restorative measures when the tooth experience 
attrition of dental caries [149].  
 
 
Figure 6. Diagram of a human tooth [150]. 
3.2.1.2   Enamel 
The process by which enamel forms is called amelogenesis. In amelogenesis there 
is a mutualistic relationship with the dentine growth, where the dentine is the first to be 
formed. The enamel will form in two stages: (1) the secretory stage and (2) the 
maturation stage. In the secretory stage enamel proteins are released contributing to the 
enamel matrix which is partially mineralized by alkaline phosphatase [151]. This partially 
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mineralized layer is deposited on the dentine. The enamel growth then continues towards 
the outside and away of the center of the tooth. During the maturation stage some 
proteins (amelogenins, ameloblastins, enamelins, and tuftelins) [151] are transported to 
the outside of the enamel by the ameloblasts to complete the mineralization process.  
 3.2.1.3   Cementum 
 Cementogenesis is the process by which the cementum in tooth is formed. This 
process occurs at the latest stages of tooth development. The cells in charge of the 
cementogenesis are called cementoblasts. During cementogenesis two types of cementum 
are formed: cellular and acellular from which the former forms first. The acellular 
cementum is formed from a matrix of proteins and fibers that join the peridontal 
ligaments as the mineralization occurs.  The cellular cementum is developed after most of 
the tooth is finished [148].  
3.2.2   Trace Elements in Tooth Enamel and Dentine 
 The tooth enamel is approximately 96% by weight mineral, 0.5% by weight (on 
average) organic matter and the remaining portion is water. Enamel is the hardest 
calcified tissue in the human body and it is completely formed at 15 years of age. 
Elemental and isotopic composition of the early ages of life is fixed in the enamel layers. 
In archeology, the enamel is often the preferred material for determining elemental and 
isotopic composition because of its hardness and it is also less likely to be affected by 
diagenesis and environmental contamination. When diagenesis and environmental 
contamination are not a problem, the analysis of the enamel and cleaned dentine provide 
with acceptable results for modern forensic investigation [4].  
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 The mineral composition of enamel is mainly hydroxyapatite although some 
major and minor elements are also found in this phase such as sodium, magnesium, 
potassium, chlorine, fluorine, zinc, iron, and strontium. Table 7 shows the major and 
minor elements in the inorganic portion of human enamel. The great differences in 
concentration of some elements reported in Table 7 in part reflect the biological 
variations between individuals due to the diet and water supply but also there is some 
contribution from the sample preparation and the analytical techniques used. 
Studies on the different layers of enamel revealed that in rare occasions the trace 
elements are distributed evenly throughout the enamel. Elements such as Pb, Sr, Ni, Zn, 
Mn, Cu, Ag, Al, Fe, Cd, and Sn are found in greater concentration at the outer layer of 
the enamel than in the interior [114]. Cadmium, lead, tin, zinc, strontium, and copper 
seem to be deposited more intensively during the tooth formation prior eruption. It is 
been reported that Zn concentration decreases as going into the deeper enamel layers. On 
the other hand Pd shows a steep change from the outer layers to the inside. Lead 
concentrations at the inside enamel layers tend to stabilize.   
 Dentine consists of 70% by weight mineral, 20% by weight organic matter 
(collagenous proteins), and 10% by weight of water [114, 148]. When compared with the 
enamel, the dentine is much softer and less mineralized structure, therefore decays more 
rapidly. Several elements have been reported to be present in the dentine (Table 8). The 
data presented in Table 8 is a compilation of references from different studies and 
analytical techniques; therefore the large range of concentrations can be associated to 
analytical performance as well as with population differences. Regardless it is a good 
guide of which elements are present in human dentine. Brudevold et al. analyzed 
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different layers of dentine to determine the zinc concentration and they found an even 
distribution of Zn concentration in the dentine layer at 225 µg g-1. Higher concentrations 
were found in the layer close to the pulp and in the outermost enamel layer [152].  
Table 7. Trace elements present in detectable and quantifiable amounts in human tooth 
enamel [114]. 
Element aConcentration Range Element aConcentration Range
Li 0.05-13.2 Sr 13-1400
Be <0.01-15.9 Y <0.01-0.017
B 0.5-190 Zr <0.02-12
F 8-1000 Nb <0.1-0.76
Al 1.5-353 Mg 0.6-39
Si 3-1400 Ag 0.005-37
S 0-530 Cd 0.03-74
Ti <0.1-66 Sn 0.03-93
V <0.01-0.28 Sb <0.01-3
Cr 0.003-18 I 0.01-9.9
Mn 0.08-63 Cs <0.02-0.10
Fe 0.8-759 Ba 0.8-190
Co 0.0002-45 Ce 0.02-0.19
Ni 0.1-13 Pr <0.01-0.07
Cu 0.1-81 Nd <0.02-0.09
Zn 9-1200 W <0.08-0.4
As <0.001-0.008 Au <0.02-0.30
Se 0.012-18 Hg 0.005-16
Br 0.32-33 Pb <0.1-1000
Rb 0.15-30 Bi <0.02-0.07
aDry weight in µg g-1
 
 
Other elements such as Rb, Li, Ba, and Sr were analyzed in the coronal dentine on 
some tooth sections. Petersson et al. found no dependence of these elements 
concentration with the depth in the dentine layers although Rb, and Ba appeared to have 
higher concentrations in the layer closer to the pulp [153].  Higher concentrations of Pb, 
Fe, Ni, Cu and Zn were found in the pulpal wall than in the coronal middle dentine [154].  
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The elemental composition in teeth matrix is very similar to bones. Trace 
elements in hydroxyapatite matrix can be determined using the same method as in bone 
analysis. An element menu similar to the one chosen for bone is been selected 
accordingly to the following criteria: presence of the element in the hydroxyapatite 
matrix and the availability of the element’s concentration above the instrumental 
detection limits. For the purpose of this study the following elements will be considered 
in tooth analysis: Mg, Mn, Fe, Cu, Zn, Rb, Sr, Ba, and Pb. After optimization of the laser 
ablation analysis, the same analytical method is been applied for both calcified tissues. 
 
Table 8. Range of concentration or mean concentration of trace elements detected in 
human dentine [114]. 
 
Element aConcentration Range Element aConcentration Range
B bpresent As bpresent
F 2-1000 Se 0.1-0.3
Al 65-150 Br 4-115
Si bpresent Rb 5.6 ± 1.9
S 706 Sr 70-250
Ti bpresent Mo bpresent
V bpresent Ag 0.005-3
Cr 0.005-2 Sn bpresent
Mn 0.04-6 Sb 0.69 ± 0.41
Fe 2-110 I 3.7 ± 0.4
Co 0.0003-32 Ba 129 ± 55
Ni 5-30 W 2.6 ± 1.1
Cu 0.2-50 Au 0.03-0.07
Zn 100-700 Pb 2-44
aDry weight in µg g-1
bWhen there are no reliable quantitative data, the element is noted as present
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3.3 Methodology 
3.3.1   Suggested NITE-CRIME Method 
 3.3.1.1   Solution Based Analyses 
Bone standard reference materials (SRMs) NIST 1486 (bone meal) and NIST 
1400 (bone ash) [National Institute of Standards and Technology, Gaithersburg, MD, 
USA] were used to evaluate the method. Two digestion methods and a matrix 
suppression study from major elements calcium and phosphorus were assessed by 
measuring the SRMs against an external calibration curve. For the matrix suppression 
study the external calibration curve was modified in such a way that resembled the 
calcium and phosphorus concentration in bone samples. The suppression study allowed 
determining the whether the trace elements could be use for the elemental analysis of 
bone and teeth matrices by the HR-ICP-MS.  The ICP-MS instrumental parameters for 
solution based analyses are shown in Table 9. 
Table 9. Optimized experimental parameters for solution based and laser ablation 
analyses using the HR-ICP-MS system 
Instrumental Parameters Solution Based Analyses Pre-Ablation Parameters Ablation Parameters
Sample Gas Flow (L min-1) 1.07 a--- a---
Makeup Gas Flow (L min-1) a--- 0.70-0.80 0.70-0.80
Carrier Gas Flow (L min-1) a--- Ar: 0.80-0.95 Ar: 0.80-0.95
He: 0.90-1.10 He: 0.90-1.10
Rf Power (W) 1300-1380 1300-1400 1300-1400
Plasma Gas Flow (L min-1) 16.00 16.00 16.00
Spot Size (µm) a--- 200 100
Laser Energy (mJ) a--- 1.16 (40%) 2.8 (100%)
Frequency (Hz) a--- 10 10
Ablation Mode a--- Rastering Single Spot
Ablation Time a--- 75 µm sec-1 60 sec
aNot applicable
Laser Ablation Analyses
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3.3.1.1.1   Digestion Procedures 
Bone SRMs NIST 1400 and NIST 1486 (National Institute of Standards and 
Technology, Gaithersburg, MD, USA) were dried overnight under vacuum and weighed 
(about 0.150 g). The dried standards were placed into a 50 mL plastic disposable 
digestion tubes (Environmental Express Inc., Mt. Pleasant, South Carolina, USA) for 
open vessel digestion (OPD) and in the microwave vessels HP-500 Plus high pressure 
digestion vessels (CEM, Matthews, North Carolina, USA) for microwave assisted 
digestion (MAD). Three milliliters of 0.8M optima grade nitric acid (Fisher Scientific 
Pittsburg, USA) and 1 mL 30% ultrapure hydrogen peroxide (J.T. Baker, Phillipsburg, 
NJ, USA) were added to the digestion tubes.  
 
Open Vessel.  A condensation disc was placed on top of the digestion tubes to avoid 
excessive evaporation of the solution. After acids reaction (1-2 hours), the digestion tubes 
were placed on a heating block (Environmental Express Inc., Mt. Pleasant, South 
Carolina, USA) at 45 °C for one hour. The temperature was increased to 80 °C for 12 
hours. After the tubes were cooled down and closed with a lid they were stirred for 0.5-1 
min each. The final solution was quantitatively transferred to 25 mL volumetric flasks 
and completed to the mark with ultrapure deionized water (>18 MΩ cm-1). Dilutions of 
the concentrated solutions were prepared with rhodium as internal standard for analysis.  
 
Microwave Assisted.  The microwave vessels were properly closed and put into the 
microwave oven MARS XS (CEM, Matthews, North Carolina, USA). The microwave 
was set with a ramp temperature program of 200°C at 14.6°C/min rate and hold at 200°C 
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for 30 minutes. Once the vessels were cooled down they were transferred quantitatively 
to 100 mL volumetric flasks and completed to the mark with ultrapure deionized water 
(>18 MΩ cm-1).  
Dilutions from the concentrated solutions were prepared with rhodium as internal 
standard. The solutions were measured against an external calibration curve containing 
elements of interest in the bone matrix. Certified values from some of the elements were 
provided by NIST and were used to assess the accuracy of the method. Acceptable 
accuracy results were considered to be 10 % bias from the certified or reference values 
and the precision of the measurements was evaluated with a 10% relative standard 
deviation (%RSD) of four sample replicates.  
3.3.1.1.2   External Calibration Curve 
Single element stock solutions of 1000 mg L-1 of each element were used to 
prepare the calibration curve. The following isotopes were measured for quantification: 
25Mg, 27Al, 55Mn, 56Fe, 57Fe, 64Zn, 66Zn, 85Rb, 88Sr, 137Ba, and 208Pb.  
All solutions were prepared using high purity deionized water (>18 MΩ cm-1) and 
0.8M optima grade nitric acid (Fisher Scientific Pittsburg, USA). Elements were 
measured against normal ICP-MS calibration where the calibration levels were from 0 to 
10 ng g-1. Rhodium was added as internal standard to a concentration of 5ng g-1. 
  Control verification checks (at 5 ng g-1), including a secondary source standard to 
validate external calibration, were run with samples in order to evaluate drift and 
precision over time. 
 
 65 
3.3.1.1.3   External Calibration Curve with Ca and P 
Fresh bone SRMs were taken into solution by the open vessel digestion method 
aforementioned and measured against a modified calibration curve prepared with the 
addition of aliquots from a 10000 µg g-1 of calcium and phosphorus single stock 
standards (CPI International, Santa Rosa, California, USA) to each of the calibration 
standards in order to simulate the concentration of these elements in the bone SRMs 
(~32% Ca and ~15% P). Different dilutions of the bone SRMs were measured against this 
calibration curve to measure major, minor and trace elements. The elements concerned 
with this study were: 25Mg, 27Al, 55Mn, 57Fe, 66Zn, 85Rb, 88Sr, 137Ba, and 208Pb.  
  3.3.1.2   Laser Ablation Analyses 
3.3.1.2.1   Assessment of calcium as internal standard 
In order to use calcium as internal standard, the calcium concentration of five 
bone and teeth samples respectively was determined by using a Scanning Electron 
Microscope (SEM) Philips XL30 with an Energy Dispersive X-ray Spectroscopy (EDS) 
detector (FEI Company, Hillsboro, Oregon, USA) in three different regions of each 
sample. 
3.3.1.2.2   Laser ablation method optimization 
Bone SRMs were prepared as pellets in a stainless steel manual pellet press 
(CARVER Inc., Wabash, IN, USA) with a 13 mm die. The pellets were compressed at 
approximately 2000psi for 1.5 minutes under vacuum.  Pre-ablation of the surface was 
performed with the conditions showed in Table 9 to eliminate any press contamination. 
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The pellets were analyzed using the glass matrix SRM NIST 612 (National 
Institute of Standards and Technology, Gaithersburg, MD, USA) as calibrant and 42Ca as 
internal standard since calcium is consistently found in bone samples at high percentage 
levels. The samples were ablated under the conditions shown in Table 9. A background 
signal was collected during the first 30 seconds of analysis. Then, the laser was fired for 
60 seconds from which the middle 30 were used for signal integration. Another additional 
30 second were analyzed to verify the return of the signal to the background levels and to 
purge before the next analysis. The total analysis time was 120 seconds. The pellets were 
sampled in replicates of four. 
The ablation mode (single spot vs. scan line), frequency (5Hz vs. 10Hz), carrier 
gas (helium vs. argon) and gas flows parameters were compared for the method. A spot 
size of 100µm was selected for laser ablation analysis to increase the amount material 
removed for better representation of the sample. Helium was tested as carrier gas since in 
previous studies with other matrices have shown improvement in sensitivity due to a 
more efficient particle removal and transportation into the ICP-MS [61, 62].Doubly 
charged species, oxides and the U/Th fractionation were optimized to 3%, 3%, and about 
1 respectively. The elements of interest in these analyses were: 25Mg, 27Al, 55Mn, 56,57Fe, 
63Cu, 64,66Zn, 85Rb, 88Sr, 137Ba, and 208Pb. Most of these elements were chose because they 
are commonly found in bone matrix at concentrations above the detection limits, some of 
these elements are found in the inorganic phase, some elements have possible 
applications for work monitoring and environment exposure events, and after using 
statistical analysis these elements provided good discrimination between individuals.   
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3.3.2   Instrumentation 
 A high resolution (HR)-ICP-MS ELEMENT 2 (Thermo Electron Co. Bremen, 
Germany) was used for solution based and laser ablation analysis of the bone SRMs. The 
HR-ICP-MS system was used in the three mass resolutions low (~300), medium (~4000), 
and high (~10,000) for solution based analyses. The HR-ICP-MS was coupled to a 
Nd:YAG laser unit operating at 213 nm wavelength (New Wave Research, Fremont, CA, 
USA) for laser ablation experiments. The analyses with laser ablation were performed in 
medium resolution since the transient signal is gathered and no more than one resolution 
can be used at the same time. The description and operative principles of the HR-ICP-MS 
and the LA system were described in Sections 2.3.2.1 and 2.3.2.3 respectively.   
3.3.2.1   SEM/EDS operative principles and experimental conditions 
The image acquired by the SEM is the result of the interaction of a high energy 
electron beam with the surface of the material analyzed. These beam electrons interact 
with the atoms in the sample to release secondary electrons, backscatter electrons and x-
rays. These released electrons provide with topographical and composition information of 
the surface analyzed.  
When the electron beam and the sample atoms interact causing shell transitions an 
emission of x-rays characteristics of the parent element are released. The detection and 
measurement of these x-rays allows elemental analysis by EDS. With EDS it is possible 
to do qualitative, semiquantitative, and with the appropriate standards quantitative 
analysis with a sampling depth of 1 to 2 microns. The x-rays can also be used to map the 
elemental distribution in the sample surface. 
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In order to analyze samples by SEM/EDS the sample must be conductive. 
Biological samples such as bone, teeth and plant are not good conductive materials, thus 
coating with a thin layer of a conductive material such as carbon or gold may be required 
to reduce to the minimum the charging effect. Another alternative to reduce the charging 
effect will be to measure the samples in low vacuum. To avoid altering the material, these 
samples were measured in low vacuum.   
Images and elemental analysis of Ca and P for the bone samples was performed 
with a SEM Philips XL30 (FEI Company, Hillsboro, Oregon, USA) with an EDS 
detector. The SEM/EDS conditions for the Ca and P determinations were: voltage of 25 
kV, working distance (WD) of 10, spot size of 6, elapsed lifetime of 500 sec, and a 
magnification of 800x.   
3.3.3   Data Analysis 
3.3.3.1   Solution Based Analyses 
The digested bone SRMs were measured against an external calibration curve. 
The intensities (cps) for the standards and samples were normalized to the rhodium 
(internal standard) signal (cps). A linear regression line was determined from the plot of 
the normalized signal (cps) against the concentration of the correspondent standard. Then 
the concentrations in the samples were determined by using the slope and intercept of this 
equation. 
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3.3.3.2   Laser Ablation Analyses 
The transient signal of each element was collected during the ablation and then 
analyzed with GLITTER software (GLITTER, GEMOC, Macquarie University, 
Australia). The elements’ concentrations were calculated based on a linear fit to ratios 
using the concentration of 43Ca as internal standard in the bone SRMs and the calibrant 
SRM NIST 612 (for more details refer to Section 2.3.4.1).   
3.3.2   Analysis of Bone and Teeth Samples by LA-HR-ICP-MS 
3.3.2.1   Bone samples  
 3.3.2.1.1   Elemental analysis and discrimination of buried samples 
Bone fragments of twelve individuals recovered from World War I (individuals 
10-12) and World War II (individuals 1-9) [JPAC Laboratories, Hawaii, USA] were 
analyzed following the suggested NITECRIME method for laser ablation analyses. These 
individuals were already identified by mitochondrial DNA and/or from dental records. 
Soil samples were not provided; therefore the assessment of the possible leaching of 
elements could not be evaluated. Spatial analysis of the cross-section of 12 bone 
fragments was performed to identify the biogenetic signal. Analysis of the area between 
the periosteum and endosteum was performed. To corroborate the biogenic signal the 
Ca/P ratio was determined using SEM/EDS (Philips XL30, FEI Company, Hillsboro, 
Oregon, USA). The bone samples included proximal and distal fragments of humerus and 
femur bones of either hand or leg. Humerus bones from individuals 1 and 4 were not 
provided.  
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Thin bone fragments were cut with emery and fiberglass blades.  After fragments 
were cut, the fragments were thoroughly rinsed with high purity deionized water (>18 
MΩ cm-1) for 10 minutes and dried overnight on polyethylene weighing boats. The 
fragments were ablated under the conditions specified in Table 9. The analysis was done 
in replicates of four spot per sample. 
3.3.2.1.2   Crater morphology and estimate of ablated mass 
Three ablation spots with the optimized conditions on a bone fragment and the 
SRMs NIST 1486 (pressed pellet) and NIST 612 (glass disk) were performed at a flat 
edge of the sample to measure the crater morphology. The UP213 New Wave Laser has a 
flat beam profile, thus the shape of the crater resembles to a cylinder. By determining the 
volume of the cylinder with the crater radius (r) and height (h) and the density of the 
material it is possible to estimate the mass occupied in this crater or the mass removed 
during the ablation. The r and h dimensions of the craters were determined by 
measurements done on the images of the craters taken with the SEM Philips XL30 (FEI 
Company, Hillsboro, Oregon, USA). 
3.3.2.2   Teeth samples 
Teeth samples were donated by Major Laura A. Regan from her Ph.D. research.  
The sample collection consisted of a brief survey and tooth donation for analysis of stable 
isotopes to determine if these isotopes can used as geographical markers for regions of 
childhood residency. Donations were received from patients that included cadets, active-
duty, retirees, and dependents. The samples were comprised molars, canine, and wisdom 
teeth. 
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3.3.2.2.1   Elemental analysis of the different tooth layers 
A set of teeth samples (Table 10) where the enamel was removed was analyzed to 
evaluate the elemental composition of the layers within the same tooth. The dentine + 
cementum portion was ground mix in a high speed micro mill and formed as pellets using 
the procedures mentioned above. The enamel was already in powder form; therefore the 
pellets were formed with the same procedure. Pre-ablation of the surface prior analysis 
was performed using the parameters mentioned in Table 9 to eliminate any possible 
contamination from the pellet press. Each sample was analyzed by doing three ablation 
spots in different areas of the pellet.  
In addition to assessing the elemental composition on the different layers of tooth, 
the discrimination power of the elemental composition of enamel and dentine + 
cementum separately was assessed.  
 3.3.2.2.2   Elemental analysis of whole tooth 
The set of samples presented in Table 11 were used to evaluate the discrimination 
power of elemental analysis in whole tooth samples. Each tooth was submerged in liquid 
nitrogen and broken into halves between polyethylene weighing boats in a mortar. The 
fragment was ground/mix in a high speed micromill and prepared as pellet using the 
procedures mentioned previously. The laser ablation analysis was carried out under the 
conditions described in Table 9 in replicates of five ablation spots per sample.  
 
 
 
 
 72 
Table 10. List of teeth samples used for the study of the elemental composition on enamel 
and dentine + cementum portions. 
Sample ID Tooth # Description Natal Region
EAFA-139 16 enamel Panama, HI, TX, Germany
AFA-139 dentine+cementum
EAFA-276 32 enamel NY
AFA-276 dentine+cementum
EAFA-034 32 enamel WA
AFA-034 dentine+cementum
EAFA-265 16 enamel CO
AFA-265 dentine+cementum
EAFA-152 16 enamel Japan, Germany, SD
AFA-152 dentine+cementum
EAFA-026 16 enamel PA, NC, TX
AFA-026 dentine+cementum
 
3.3.2.3   Data processing and discrimination analyses 
The data processing for determining concentration of the elements was done 
following the procedures mentioned in Section 3.3.2.2. The bone data was analyzed using 
the multivariate statistical analysis called Canonical Discriminant Analysis (CDA), 
described elsewhere [155], using the SPSS software (SPSS Inc., Chicago, IL, USA). For 
bone analyses the mean of the elements’ concentrations on each bone (humerus and 
femur) was used for the discrimination analysis. Nested ANOVA analysis was used to 
assess which elements provide the best discrimination among the bone samples. 
Nested-ANOVA statistical analysis was used to determine the elements that 
showed to provide with the most discrimination with the set of bone samples in this 
study. The multivariate analysis Principal Component Analysis (PCA) from SYSTAT 11 
(Systat Software Inc., Chicago, IL) was used for discrimination of the whole teeth 
samples and for the discrimination of the different layers of tooth separately.   
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Table 11. Identification and natal origin information of whole teeth samples 
Sample ID Tooth # Natal Region
AFA-004 1 IN
AFA-078 1 VT
AFA-093 17 OH
AFA-109 17 Peru
AFA-157 17 NE
AFA-159 32 mixed USA
AFA-199 17 TX
AFA-259 17 CA
AFA-265 17, 32 CO
AFA-277 32 mixed USA
AFA-278 16 NM
AFA-286 32 SC
AFA-289 1, 17, 32 FL
TWN-038 canine (6?) Taiwan
 
3.4 Results and Discussion 
3.4.1   Suggested NITE-CRIME Method  
3.4.1.1   Digestion Methods 
Two digestion methods for the analysis of bone SRMs were evaluated with an 
accuracy of 10% bias from the certified value and a precision of 10%RSD of the 
replicates of each sample. These have been reported previously as typical results for 
NAA analyses [156] while for ICP-MS analysis the accuracy and precision varies and the 
behavior of elements at these levels is still not very well understood in this matrix. Both 
digestions methods involved an acid digestion with nitric acid and peroxide.  Table 12 
shows the results of accuracy and precision from both digestion methods for bone SRMs. 
Elements certified by NIST in the bone SRMs NIST 1400 and NIST 1486 were 
considered to evaluate the accuracy of the concentration measurements obtained when 
digested by OVD and MAD. With OVD most of the elements had a recovery of 90% or 
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higher in both SRMs. For the SRM NIST 1486 the elements Mg, Fe, Mn, Sr, Ba and, Pb 
were measured with an accuracy of <10%bias while rubidium and zinc had a bias higher 
than 10%. Zinc experimental concentrations for both isotopes were showed an 
enrichment of this element suggesting some sort of contamination. Rubidium is not a 
certified element, therefore is not used to assess accuracy. The results with MAD for the 
SRM NIST 1486 showed poor accuracy (>10% bias) for Mg, Mn, 56Fe in medium 
resolution, Zn, Sr, and Ba in low resolution. There was a low recovery of magnesium and 
for zinc. There was an enrichment of strontium causing a high bias (27%), which 
suggests a possible contamination with this element. Iron of mass 56 and barium in 
medium and low resolutions respectively showed a bias slightly higher than 10%, while 
the same isotopes measured in higher resolutions were within the acceptable parameters. 
Barium accuracy was determined against a non certified value, but the closeness of the 
concentration in the other resolutions may indicate this could be close to the real value.  
The precision of the measurements were below 10%RSD for most of the elements for 
both digestion methods, except for zinc and lead in the SRM NIST 1486. Although lead 
concentration was measured with good accuracy (8%bias) the precision of the 
measurements was very high (~40%RSD). The higher RSDs are attributed to the low 
recovery of this element in two of the four replicates. As is shown in Table 12 similar 
results were obtained for the SRM NIST 1400 with the exception of the accuracy of 
aluminum. The bias of the aluminum concentration was determined using a non-certified 
value provided by NIST and with both digestions a lower concentration was found when 
compared with the non certified value. The precision for all the measurements in the 
SRM NIST 1400 digested by both methods showed to be within the acceptable range 
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(≤10%RSD). Better results were obtained with the OVD procedure for magnesium, 
manganese, strontium, barium, and lead. For the other elements both digestion 
procedures showed to provide similar results.  
3.4.1.2   Matrix suppression study 
In the matrix suppression study fresh bone SRMs were digested using the open 
vessel digestion method. For comparison purposes the results with the modified 
calibration curve, was compared to results of the SRMs measured against a normal ICP-
MS external calibration curve (ECC). For both bone SRMs the precision of the 
measurements were <10%RSD with both external calibrations (Table 13). The accuracy 
obtained with the modified calibration curve in the SRM NIST 1486 was above 10%bias 
for manganese, zinc, barium, and rubidium. Since the rubidium and barium values are not 
certified, they can only work as reference and not necessarily measures the accuracy of 
the analysis. Aluminum was below detection limits with both ECC’s. NIST reported 
aluminum concentration in both SRMs as a non certified value and for SRM NIST 1486 
its reference concentration is <1 µg g-1 therefore it was expected to be close or below the 
detection limits with both ECC’s.  Iron, magnesium, zinc and strontium had a percent 
bias less than 10% for both SRMs which are acceptable values for the method (Table 13).  
Similar results were obtained with the SRM NIST 1400 with the exception that aluminum 
was consistently lower with both calibration curves resulting in a bias higher than 10%. 
For some elements in both SRMs the concentration determined with the modified ECC 
seems to provide lower values. This behavior may suggest some suppression especially 
for elements in concentrations close to detection limits and/or could be due to the 
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instrumental variation since both experiments were performed in different days and with 
different digested SRMs. Regardless, there is no strong evidence of matrix suppression of 
the trace elements by the high content of calcium and phosphorus in bone matrix, thus the 
use of trace elements for elemental analysis is valid. 
3.4.1.3   Assessment of calcium as internal standard 
For laser ablation analyses it is important to use an internal standard that is 
present in the matrix at high concentrations and do not vary significantly between 
samples of the same matrix. Calcium is present at approximately 26 wt% in the SRM 
NIST 1486 (bone meal) and at ~38 wt% in NIST 1400 (bone ash).  To verify the calcium 
concentration in bone, calcium measurements of four bone samples were measured by 
detecting the calcium Kα line in the SEM/EDS instrument. The bone SRM NIST 1486 
was measured prior the samples to verify the accuracy of the analysis. The accuracy of 
the analysis was evaluated by determining the %bias of the SRM measurement against 
the certified value. Typical acceptable values of accuracy and precision for SEM/EDS are 
within 10-15%bias and 15-20% RSD.  The analysis of the SRM NIST 1486 was accepted 
with 15.2% bias and a precision of 2.4%RSD (Table 14). A correction to the 
measurement was done since solid oxides were added to the total amount of the SRM. 
The results for the four bone samples are shown in Table 15. The concentration of 
calcium in bone samples were similar to the calcium concentration in the SRM NIST 
1486, thus for purposes of laser ablation data analyses and to generalize the method, the 
calcium concentration used was 26.58wt%.    
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Table 12. Results dissolution of bone SRMs NIST 1400 and NIST 1486 by Open Vessel 
and Microwave Assisted digestion procedures. 
SRM NIST 1486
Isotope fMAD gOVD Reference Value fMAD gOVD fMAD gOVD 
25Mg (LR) 3978 ± 38 4190 ± 7 a 4660 ± 170 15 10 1 0.2
27Al (LR) d--- d--- b <1 d--- d--- d--- d---
27Al (MR) d--- e--- b <1 d--- e--- d--- e---
55Mn (LR) 1.32 ± 0.02 1.08 ± 0.01 b 1 32 9 1 1
56Fe (MR) 113 ± 3 93 ± 3 a 99 ± 8 14 6 3 3
57Fe (MR) 99 ± 4 92 ± 6 a 99 ± 8 0 7 4 7
56Fe(HR) 103 ± 4 e--- a 99 ± 8 4 e--- 3 e---
57Fe(HR) 102 ± 4 e--- a 99 ± 8 3 e--- 4 e---
64Zn (MR) 97 ± 14 179 ± 3 a 147 ± 16 34 22 14 2
66Zn (MR) 94 ± 13 183 ± 4 a 147 ± 16 36 24 14 2
85Rb (LR) 0.34 ± 0.002 0.30 ± 0.01 c0.34 0 12 1 3
88Sr (LR) 334 ± 2 248 ± 2 a 264 ± 7 27 6 1 1
137Ba (LR) 277 ± 5 289 ± 6 c320 13 10 2 2
137Ba (MR) 288 ± 5 e--- c320 10 e--- 2 e---
137Ba (HR) 290 ± 6 e--- c320 9 e--- 2 e---
208Pb (LR) 1.4 ± 0.6 1.21 ± 0.05 *1.3 ± 0.01 8 7 42 4
208Pb (MR) 1.4 ± 0.6 e--- *1.3 ± 0.01 8 e--- 41 e---
SRM NIST 1400
Isotope fMAD gOVD Reference Value fMAD gOVD fMAD gOVD 
25Mg (LR) 6005 ± 88 6516 ± 69 a 6840 ± 13 12 5 1 1
27Al (LR) 344 ± 33 218 ± 7 b 530 35 59 10 3
27Al (MR) 371 ± 31 e--- b 530 30 e--- 9 e---
55Mn (LR) 17.3 ± 0.6 17.3 ± 0.4 b 17 2 2 4 3
56Fe (MR) 617 ± 18 634 ± 19 a 660 ± 27 7 4 3 3
57Fe (MR) 608 ± 18 672 ± 16 a 660 ± 27 8 2 3 3
56Fe(HR) 628 ± 25 644 ± 28 a 660 ± 27 5 2 4 4
57Fe(HR) 639 ± 28 668 ± 23 a 660 ± 27 3 1 4 3
64Zn (MR) 126 ± 13 235 ± 10 a 181 ± 3 30 30 10 4
66Zn (MR) 123 ± 10 241 ± 9 a 181 ± 3 32 33 8 4
85Rb (LR) 0.50 ± 0.01 0.52 ± 0.02 c0.55 9 5 2 5
88Sr (LR) 281 ± 3 246 ± 11 a 249 ± 7 13 1 1 5
137Ba (LR) 231 ± 4 267 ± 2 c280 18 5 2 1
137Ba (MR) 240 ± 4 259 ± 1 c280 14 8 2 1
137Ba (HR) 247 ± 4 e--- c280 12 e--- 2 e---
208Pb (LR) 9.3 ± 0.1 8.9 ± 0.1 a 9.1 ± 0.1 2 2 1 1
208Pb (MR) 9.6 ± 0.2 e--- a 9.1 ± 0.1 5 e--- 2 e---
a
 Certified Value from NIST e Not determined
b
 Non certified values provided by NIST f Microwave Assisted Digestion
cConcensus values are from NITE-CRIME 1st Round Robin g Open Vessel Digestion
d Concentration below detection limits
%RSDConcentration ± σ, µg g-1 %Bias
Concentration ± σ, µg g-1 %Bias %RSD
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Table 13. Results of the matrix suppression study for SRMs NIST 1486 and NIST 1400. 
SRM NIST 1486
Isotope
Normal  
eECC
eECC with 
Ca and P 
added 
Reference 
Value
Normal  
eECC
eECC with 
Ca and P 
added 
Normal  
eECC
eECC with 
Ca and P 
added 
25Mg 4190 ± 7 4266 ± 114 a 4660 ± 170 10 8 0.2 3
27Al d--- d--- b <1 d--- d--- d--- d---
55Mn 1.08 ± 0.01 0.88 ± 0.04 b 1 9 12 1 5
57Fe 93 ± 3 91 ± 1 a 99 ± 8 6 8 7 1
66Zn 183 ± 4 125 ± 7 a 147 ± 16 24 15 2 6
85Rb 0.30 ± 0.01 0.25 ± 0.01 c0.34 11 26 3 6
88Sr 248 ± 2 255 ± 10 a 264 ± 7 6 4 1 4
137Ba 289 ± 6 286 ± 7 c320 10 11 2 3
208Pb 1.21 ± 0.05 d--- a 1.33 ± 0.01 7 d--- 4 d---
SRM NIST 1400
Isotope
Normal  
eECC
eECC with 
Ca and P 
added 
Reference 
Value
Normal  
eECC
eECC with 
Ca and P 
added 
Normal  
eECC
eECC with 
Ca and P 
added 
25Mg 6516 ± 69 6449± 131 a 6840 ± 130 5 6 1 2
27Al 218 ± 7 296 ± 9 b 530 59 49 3 3
55Mn 17.3 ± 0.4 15.4 ± 0.03 b 17 2 9 3 2
57Fe 672 ± 16 597 ± 11 a 660 ± 27 2 10 3 2
66Zn 241 ± 9 172 ± 7 a 181 ± 3 33 5 4 4
85Rb 0.52 ± 0.02 0.40 ± 0.01 c0.55 5 27 5 4
88Sr 246 ± 11 262 ± 4 a 249 ± 7 1 5 5 2
137Ba 267 ± 11 244 ± 2 c280 5 13 1 1
208Pb 8.9 ± 0.1 10.1 ± 0.3 a 9.1 ± 0.1 2 11 1 5
a Cetified Value by NIST
b
 Non certified Value provided by NIST
c Concensus Value from NITECRIME 1st Round Robin
d
 Below detection limits
e
 External Calibration Curve
%RSDConcentration ± σ, µg g-1 %Bias
Concentration ± σ, µg g-1 %Bias %RSD
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Table 14. Calcium concentration in the SRM NIST 1486 measured by SEM/EDS. 
 
 
 
 
 
Table 15. Results of calcium concentration in bone samples by SEM/EDS. 
 
 
 
 
 
3.4.1.4   Laser ablation method optimization 
For laser ablation analyses the acceptable parameters of accuracy and precision 
were ≤10%bias and ≤15%RSD. The acceptable precision is higher than with dissolution 
work because in LA we are dealing with smaller amount of sample and with a less 
homogeneous media than with solution; therefore the precision of the LA measurements 
is expected to be higher.  
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The optimization with carrier gas was determined with helium and argon gases. 
This study was performed with single spot ablations of 100µm at a frequency of 10Hz. 
The frequency and ablation mode parameters were selected at the beginning following 
the typical setup of glass laser ablation analysis as a reference. The optimization of 
frequency and ablation mode was corroborated in an additional study that will be 
explained below. Table 16 shows the results of accuracy and precision with bone SRMs 
NIST 1486 and NIST 1400. It is clear that when helium was used as carrier gas the 
accuracy of all elements in SRM NIST 1486 was improved and within the acceptable 
parameters while the results with argon carrier gas showed to be higher than 10% bias for 
most of the elements in this matrix. For the SRM NIST 1400 the accuracy of the certified 
elements Zn and Fe elements resulted with bias higher than 10%. Both elements had 
lower concentration than the certified value indicating a problem either with the 
ionization of these elements or with the distribution of the elements in the SRM. When 
argon was used as carrier gas the concentration determination was not possible because 
the signal of this element in the calibrant (SRM NIST 612) was not enough sensitive to 
be detected properly as it was explained in Chapter 2. The iron signal in SRM NIST 612 
was improved with helium as carrier gas allowing an accurate determination of iron 
concentration in the bone SRMs. In terms of precision for both SRMs the %RSDs were 
≤15% for most of the elements, although some elements showed lower %RSDs when 
argon was used as carrier gas. Previous studies with glass have shown an improvement in 
the removal and particle transportation in laser ablation analyses using helium as carrier 
gas [61, 62]. Helium is selected as carrier gas for the analysis of bone and teeth matrices 
due to the improved results obtained with this gas. 
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Table 16. Results of optimization of carrier gas in laser ablation method development 
Isotope
Carrier Gas:
Argon
Carrier Gas:
Helium Reference Value
Carrier Gas:
Argon
Carrier Gas:
Helium
Carrier Gas:
Argon
Carrier Gas:
Helium
25Mg 5856 ± 44 4327 ± 30 a 4460 ±170 26 7 1 1
27Al 0.88 ± 0.11 1.07 ± 0.04 b<1 12 7 13 3
55Mn 1.2 ± 0.3 0.99 ± 0.13 b1 18 1 24 13
57Fe d--- 101 ± 12 a 99 ± 8 d--- 2 d--- 11
65Cu 0.61 ± 0.06 0.74 ± 0.08 b0.8 23 8 9 11
66Zn 75 ± 1 134 ± 2 a 147 ± 16 49 9 2 2
85Rb 0.30 ± 0.02 0.35 ± 0.03 c0.34 12 1 6 4
88Sr 265 ± 16 283 ± 14 a 264 ± 7 0.2 7 6 14
137Ba 296 ± 26 289 ± 2 c320 7 10 9 1
208Pb 1.2 ± 0.2 1.4 ± 0.2 a 1.33 ± 0.01 10 4 15 11
Isotope
Carrier Gas:
Argon
Carrier Gas:
Helium Reference Value
Carrier Gas:
Argon
Carrier Gas:
Helium
Carrier Gas:
Argon
Carrier Gas:
Helium
25Mg 7300 ± 518 6382 ± 69 a 6840 ±130 7 7 7 1
27Al 271 ± 103 302 ± 78 b530 49 43 38 26
55Mn 15 ± 2 15.1 ± 0.2 b17 14 11 17 2
57Fe d--- 484 ± 14 a 660 ± 27 d--- 27 d--- 3
65Cu 0.93 ± 0.05 2.1 ± 0.1 b2.3 60 9 5 5
66Zn 119 ± 12 157 ± 8 a 181 ± 3 34 13 10 5
85Rb 0.30 ± 0.02 0.44 ± 0.01 c0.55 45 20 7 2
88Sr 227 ± 5 253 ± 0.8 a 249 ± 7 8.8 2 2 0
137Ba 228 ± 6 254 ± 1 c280 19 9 3 0
208Pb 5.31 ± 0.0.63 8.6 ± 0.2 a 9.07 ± 0.12 41 5 12 2
a
 Certified Value by NIST
b
 Non certified values provided by NIST
c
 Concensus value of the First Round Robin of NITE-CRIME Network (unpublished data)
d
 Not determined
Concentration ± σ, µg g-1 %Bias %RSD
%Bias %RSDConcentration ± σ, µg g-1
 
  The ablation mode and frequency parameters were optimized with the same bone 
SRMs’ pellets. This optimization study was performed using helium as carrier gas and a 
spot size of 100 µm since it was shown previously to provide desirable results. Two 
ablation modes (single spot and scan line) and frequency (5 HZ and 10Hz) were 
evaluated with the acceptable parameters of %bias and %RSDs abovementioned. It is 
clear on Table 17 that better accuracy and precision was obtained for most of the 
elements in both SRM’s with single spot ablation at 10Hz repetition rate (frequency). The 
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specific setup of frequency and ablation mode provides with a more efficient particle 
removal with the non-matrix match standardization using glass as calibrant. The 
improvement in sensitivity translates in more accurate results. 
Table 17. Results of optimization parameters ablation mode and frequency for SRMs 
NIST 1486 and NIST 1400. 
Optimization
 Parameter 25Mg 27Al 55Mn 57Fe 65Cu 66Zn 85Rb 88Sr 137Ba 208Pb
Single Spot, 5Hz 982 ± 81 1.2 ± 0.5 1.3 ± 0.2 49 ± 10 0.74 ± 0.01 92 ± 13 0.24 ± 0.02 268 ± 18 224 ± 14 0.88 ± 0.16
Single Spot, 10Hz 4327 ± 30 1.0 ± 0.1 1.0 ± 0.1 101 ± 12 0.74 ± 0.08 134 ± 2 0.30 ± 0.01 283 ± 38 289 ± 2 1.4 ± 0.2
Scan Line, 5 Hz 4633 ± 184 1.5 ± 0.2 2.6 ± 0.3 97 ± 12 0.72 ± 0.09 78 ± 2 0.25 ± 0.02 262 ± 5 315 ± 15 1.43 ± 0.06
Scan Line, 10Hz 4081 ± 300 1.3 ± 0.7 1.1 ± 0.1 69 ± 9 0.57 ± 0.05 60 ± 4 0.22 ± 0.02 265 ± 30 277 ± 20 0.81 ± 0.15
Reference Value a4460 ± 170 b1 b1 a99 ± 8 b0.8 a147 ± 16 c0.34 a264 ± 7 c320 a1.33 ± 0.01
Optimization
 Parameter 25Mg 27Al 55Mn 57Fe 65Cu 66Zn 85Rb 88Sr 137Ba 208Pb
Single Spot, 5Hz 78 21 26 50 8 38 29 1 30 34
Single Spot, 10Hz 3 4 2 2 8 9 12 7 10 5
Scan Line, 5 Hz 4 50 163 2 10 47 27 1 2 7
Scan Line, 10Hz 8 31 5 30 28 59 36 0.3 13 39
Optimization
 Parameter 25Mg 27Al 55Mn 57Fe 65Cu 66Zn 85Rb 88Sr 137Ba 208Pb
Single Spot, 5Hz 8 45 17 21 1 15 7 7 6 18
Single Spot, 10Hz 1 9 10 11 11 2 4 14 1 11
Scan Line, 5 Hz 4 1 11 13 12 3 10 2 5 4
Scan Line, 10Hz 7 6 5 13 9 7 11 11 7 19
Optimization
 Parameter 25Mg 27Al 55Mn 57Fe 65Cu 66Zn 85Rb 88Sr 137Ba 208Pb
Single Spot, 5Hz 1671 ± 102 263 ± 109 14 ± 0.6 141 ± 11 1.0 ± 0.1 118 ± 5 0.26 ± 0.04 240 ± 9 190 ± 6 4.96 ± 0.86
Single Spot, 10Hz 6382 ± 69 302 ± 78 15.1 ± 0.2 484 ± 14 2.1 ± 0.1 157 ± 8 0.44 ± 0.01 253 ± 0.8 254 ± 1 8.6 ± 0.2
Scan Line, 5 Hz 6040 ± 343 255 ± 61 16 ± 4 265 ± 79 0.86 ± 0.09 106 ± 9 0.28 ± 0.08 250 ± 10 269 ± 21 5.26 ± 0.49
Scan Line, 10Hz 6041 ± 458 304 ± 43 12 ± 1 285 ± 42 0.98 ± 0.10 128 ± 15 0.28 ± 0.04 252 ± 16 246 ± 16 4.83 ± 0.97
Reference Value a6840 ± 130 b530 b17 a660 ± 27 b2.3 a181 ± 3 c0.55 a249 ± 7 c280 a9.07 ± 0.12
Optimization
 Parameter 25Mg 27Al 55Mn 57Fe 65Cu 66Zn 85Rb 88Sr 137Ba 208Pb
Single Spot, 5Hz 76 50 17 79 55 35 52 4 32 45
Single Spot, 10Hz 7 43 11 27 9 13 20 2 9 5
Scan Line, 5 Hz 10 52 7 55 63 41 48 1 4 42
Scan Line, 10Hz 12 43 30 57 58 29 48 1 12 47
Optimization
 Parameter 25Mg 27Al 55Mn 57Fe 65Cu 66Zn 85Rb 88Sr 137Ba 208Pb
Single Spot, 5Hz 6 42 4 10 8 4 14 4 3 17
Single Spot, 10Hz 1 26 2 3 5 5 2 0.3 0.4 2
Scan Line, 5 Hz 6 24 23 23 11 8 29 4 8 9
Scan Line, 10Hz 8 14 9 15 11 12 12 7 6 20
a
 Certified Value by NIST
b
 Non certified values provided by NIST
c
 Concensus value of the First Round Robin of NITE-CRIME Network (unpublished data)
%Bias
%RSD
SRM NIST 1486                                         Concentration ± σ, µg g-1
%Bias
%RSD
SRM NIST 1400                                          Concentration ± σ, µg g-1
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In summary the optimal parameters for the LA analysis of bone SRM’s were 
single spot ablation of 100µm size at a repetition rate of 10HZ using helium as carrier 
gas.  These parameters were used for all laser ablation analyses. 
3.4.1.5   Crater morphology and Estimate of the ablated mass 
Ablation spots of 100µm radius were created at the edge of the bone matrix under 
the following laser conditions: repetition rate- 10Hz, laser energy (100%) and in a helium 
gas environment. The crater morphology in the bone fragment, the SRM NIST 612 and 
the SRM NIST 1486 pellet varied according to the density. Deeper penetration of the 
laser was obtained with the SRM NIST 1486 pellet when compared to the bone fragment 
(Figures 7 and 8). This indicates a difference in density these materials. The crater 
morphology on the SRM NIST 1486 resembles to that a cylinder with a flat bottom, 
whereas the craters in the bone fragment showed a non-flat bottom. Regardless, in order 
to avoid an incorrect analysis all signal integration of the SRMs and samples with the 
Glitter software do not take into account this last portion of the ablation.   
The density of glass was previously reported in our laboratory as 2.4 x 106 g m-3.  
With the glass density and the volume of the crater, the estimated ablated mass for SRM 
NIST 612 was 8.2 ± 0.2 µg. For a pellet of 13mm radius, 4mm height, and a mass 
1.0020g, the density of the SRM NIST 1486 pressed pellet was 4.72 x 105 g m-3, thus the 
estimated ablated mass for the craters on the SRM NIST 1486 was 8.8 ± 0.4 µg. Using 
the density of compact bone (1.9 x 106 g m-3) [157] and volume of the craters the 
estimated ablated mass was 12 ± 1 µg.  The estimated ablated mass of the SRMs NIST 
612 and NIST 1486 were very similar, whereas the estimated mass of the bone fragment 
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is about 1.3 times more than the SRMs.  Regardless, the mass ablated under the 
optimized laser ablation parameters resulted to be very similar. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. SEM images of the craters on the SRM NIST 1486 pressed pellet and the crater 
dimensions measurements. (The brightened area in crater 3 is due to residues of C tape) 
 
 
 
 
 
 
 
Figure 8. SEM images of the craters on a bone fragment and the crater dimensions 
measurements.  
Crater # Radius (µm) Height (µm)
1 100 564
2 103 565
3 105 560
Mean (µm) 103 563
Stdev (µm) 3 3
Crater # Radius (µm) Height (µm)
1 90 223
2 98 220
3 97 218
Mean (µm) 95 220
Stdev (µm) 4 3 2 31
1 2 
3 
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3.4.2   Analysis of Bone and Teeth Samples by LA-HR-ICP-MS 
3.4.2.1   Elemental analysis and discrimination of buried samples  
 Prior elemental analysis with the optimized LA method, a rastering analysis of the 
cross-section of 12 compact bone fragments was performed by LA-HR-ICP-MS. The 
concentration was determined with the LA method from the external layer (exposed to 
the environment) of the bone through the inner layer (close to trabecular bone) (Figure 9). 
The rastering was performed using a 100 µm spot size, a frequency of 10 Hz and helium 
as carrier gas. The scanning time was 15 µm per second.  Then, the transient signal was 
integrated in intervals of 5 seconds of ablation, which represents the concentration in a 75 
µm region. This is a relatively fast way to establish constant concentration of the 
elements of interest in compact bones. 
 
 
 
 
 
Figure 9. Picture of a typical compact bone fragment. 
For practical purposes only data from one of the bone fragment is shown. 
Elements such as Mn, Sr, Zn, Ba, and Fe showed increased concentration close to the 
external layer while only Mn and Fe showed increased concentration at both the external 
and internal layers of the bone (Figures 10). Magnesium on the other hand presented less 
External layer 
Internal layer 
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concentration at the extremes than in the middle regions. A concentration with relatively 
small variation was presented at the middle layers (between regions 5 to 8) of the bone. 
The stabilized signal in the middle layers of bone may indicate that the elemental 
composition in this region reflects that of the biogenetic signal rather than from the one 
affected by diagenesis. In general the same results were observed for the 12 bone samples 
analyzed under the same conditions by LA-HR-ICP-MS. The results suggested that the 
biogenetic signal in these bones is present in the middle regions of the bone cross-section; 
therefore the LA analysis should be done within this area. 
 To confirm the above results the Ca/P ratios was determined in the middle layers 
of bone using SEM/EDS. Seven random samples and the SRM NIST 1486 were analyzed 
for this purpose under the optimized SEM/EDS conditions in low vacuum with an energy 
voltage of 25 kV and a magnification of 800X, which allowed analyzing an area of 
approximately 300 µm x 300 µm. Areas where the Ca/P ratio lied between 1.81 and 2.39 
were considered as an unchanged hydroxyapatite, thus the elemental composition comes 
mostly from the biogenetic signal. The Ca/P ratio results for the SRM and the seven bone 
samples are shown in Table 18. All the samples showed a Ca/P ratio between the 
expected values confirming the biogenetic signal in this preferred area of analysis. 
Once the area of biogenetic signal is established, the bone samples were analyzed 
with the suggested NITE-CRIME LA method using the HR-ICP-MS (Section 3.4.1.4). A 
wide variety of elements were measured using LA-HR-ICP-MS from which only several 
elements were selected for discrimination analysis based on the capability to discriminate 
among samples (Nested ANOVA analysis), the presence of these elements above the 
instrumental detection limits for LA, and the likeliness of these elements to be in bone.  
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Table 18. Ca/P ratio of compact bone samples determined by SEM/EDS. 
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Figure 10. Concentration of Zn, Sr, Pb, Fe, Ba, Rb, Mn, and Mg in the cross-section of 
the sample I08RPH. 
 
Sample Ca/P ± σ
SRM NIST 1486 1.91 ± 0.01
I10RDH 2.25 ± 0.02
I08RPH 1.98 ± 0.01
I07LPH 1.96 ± 0.12
I11RDF 2.02 ± 0.02
I12RDF 2.05 ± 0.02
I05RDF 1.82 ± 0.03
I08RDF 1.94 ± 0.01
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The Nested ANOVA analysis provides with information regarding to significant 
differences at two levels: between individuals and between bone type (humerus and 
femur proximal and distal). If the Pstatistic is <0.05, then the null hypothesis is rejected 
implying that there are significant differences within a specific level for that specific 
element. Table 19 shows the Nested ANOVA results for each element measured. It is 
clear from these results that by looking at Sr, Mg, Rb, Sr, and Fe respectively there are 
significant differences between individuals. At the second level all elements except Zn 
showed to significant differences between bone types.   
 
Table 19. Nested ANOVA results for the LA data of all bone samples. 
 
 
 
 
 
 
 
  
Using the Nested ANOVA results and the aforementioned factors, the element 
menu for discrimination among bones of different individuals includes: Mg, Mn, Fe, Zn, 
Rb, Sr, Ba, and Pb. 
The data were analyzed using the multivariate analysis CDA with the above 
mentioned discrimination elements. When all bones for individuals 1-9 from World War 
Element Between Individuals
Between Bone Type
 (Humerus and Femur)
Fe 0.02 <<0.001
Cu 0.44 <<0.001
Mn 0.34 <<0.001
Mg 0.004 <<0.001
Sr <<0.001 <<0.001
Ba 0.82 <<0.001
Pb <<0.001 <<0.001
Rb 0.03 <<0.001
Zn 0.4 0.06
Al 0.25 <<0.001
Pstatistics
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II and individuals 10-12 form World War I was used for the multivariate analysis, there 
was no separation of the individuals by elemental composition (Figure 11). Only a 60.0% 
of the original cases were correctly classified.  Individuals 12 and 7 are largely separated 
from the rest of individuals suggesting the elemental composition is significantly 
different. There was an overlap of all other individuals’ groups. The samples I03RPF and 
I10RPH were analyzed as unknown to validate the analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 11. CDA plot of the humerus and femur bones for the 12 individuals. 
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When the samples were separated by bone type there was an improvement in the 
discrimination of the individuals by elemental composition. When only the humerus data 
was used for the CDA, the 90.5% of the original cases were correctly identified. There 
was an overlapping of the groups of individuals 8 and 10. The group of individual 12 
showed to be of very different elemental composition from the other individuals, 
including the samples coming from the same recovery site (Individuals 10 and 11). The 
sample measured as an unknown (I10RPH) was correctly groped with Individual 10 
group (Figure 12).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. CDA plot of the humerus bones for 10 individuals. 
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For the CDA of femur bones, only 80.0% of the original case groups were 
correctly classified. The unknown sample I03RPF was correctly grouped with Individual 
3 group, which validates the analysis (Figure 13). Here, as with the CDA of humerus 
bones, individual 12 is grouped to a very large distance from the rest of the other groups, 
suggesting a significance difference in elemental composition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. CDA plot of the femur bones for the 12 individuals. 
 The differences in the discrimination of the analysis of one bone type over the 
other may be attributed to the differences in elemental composition on bones from 
different anatomical areas as presented in the abovementioned studies.  
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3.4.2.3   Teeth  
3.4.2.3.1   Elemental composition of the different tooth layers 
 The elemental composition of the enamel and dentine + cementum of teeth of 
different individuals were evaluated using the suggested NITE-CRIME method for LA-
HR-ICP-MS (Section 3.4.1.4). A similar element menu to that used for bone was selected 
for discrimination analyses. The concentration of the elements Mg, Mn, Fe, Cu, Zn, Rb, 
Sr, Ba, and Pb were compared in the enamel and the dentine + cementum layers (Table 
20). Some elements such as Mg and Zn tend to be in higher concentrations at the enamel 
layer than in the dentine + cementum while elements such as Mg, Cu, Rb, Ba, and Pb 
tend to be in higher concentrations in the dentine + cementum layer than in the enamel. 
Iron and strontium seemed to be in about the same concentration in both enamel and in 
dentine + cementum layers. The higher concentration of Zn in the enamel than in the 
dentine is consistent with what Brodelvold et al. [152] reported and the higher 
concentration of Rb and Ba in dentine than in enamel is been reported by Peterson et al. 
[153]. Differences in concentration of elemental composition within layers within the 
same tooth are related to the mineral intake in the diet of the individuals, the remodeling 
rate of the tooth layers and due to the role of these elements in the tooth development.    
PCA analyses were performed with the enamel and dentine + cementum 
elemental composition to asses the discrimination method.  Each group represents a 
different individual. Figure 14 shows the PCA plot of the elemental analysis of the 
enamel layer of different individuals. Sample EAFA034#32 was analyzed as an unknown 
the same day to validate the method. As is shown in Figure 15 there was correct grouping 
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of all the samples although the groups EAFA139#16, EAFA276#32 and EAFA152#16 
and the groups EAFA159#17, EAFA034#32, and EAFA034#32a were overlapped. The 
EAFA034#32 and EAFA034#32a groups were overlapped as expected since they are the 
same sample; therefore the analysis is been validated. The groups EAFA026#16 and 
EAFA265#16 were not overlapped with any other group suggesting the elemental 
composition of these are significantly different from the others. 
Table 20. Results of the elemental analysis of enamel and dentine + cementum in tooth 
samples. Concentration ± σ is in µg g-1. 
Isotope EAFA276#32 AFA276#32 Isotope EAFA265#16 AFA265#16 Isotope EAFA159#17 AFA159#17
25Mg 1872 ± 145 7867 ± 383 25Mg 1959 ± 57 9303 ± 278 25Mg 2139 ± 93 9945 ± 777
55Mn 0.71 ± 0.11 0.33 ± 0.03 55Mn 0.62 ± 0.14 0.84 ± 0.7 55Mn 0.99 ± 0.37 0.46 ± 0.04
57Fe 10 ± 4 11 ± 2 57Fe 6 ± 2 73 ± 28 57Fe 10 ± 4 53 ± 15
63Cu 0.036 ± 0.005 0.11 ± 0.01 63Cu 0.05 ± 0.03 0.19 ± 0.02 63Cu 0.024 ± 0.003 0.38 ± 0.04
66Zn 160 ± 9 85 ± 32 66Zn 129 ± 11 121 ± 47 66Zn 123 ± 46 105 ± 48
85Rb 0.075 ± 0.004 0.19 ± 0.02 85Rb 0.077 ± 0.005 0.20 ± 0.01 85Rb 0.081 ± 0.003 0.16 ± 0.02
88Sr 69 ± 3 79 ± 4 88Sr 60 ± 1 78 ± 4 88Sr 54 ± 2 57 ± 2
137Ba 0.92 ± 0.02 2.6 ± 0.1 137Ba 0.81 ± 0.03 3.1 ± 0.2 137Ba 2.4 ± 0.1 6.2 ± 0.3
208Pb 0.20 ± 0.19 1.8 ± 0.3 208Pb 0.10 ± 0.01 0.9 ± 0.2 208Pb 0.12 ± 0.01 2.2 ± 0.4
Isotope EAFA152#16 AFA152#16 Isotope EAFA026#16 AFA026#16 Isotope EAFA139#16 AFA139#16 
25Mg 1844 ± 75 7582 ± 245 25Mg 2019 ± 202 8958 ± 382 25Mg 1827 ± 119 8875 ± 115
55Mn 0.72 ± 0.06 0.378 ± 0.004 55Mn 0.94 ± 0.11 0.48 ± 0.05 55Mn 3.0 ± 0.7 0.63 ± 0.11
57Fe 7.6 ± 0.5 8 ± 1 57Fe 15 ± 9 38 ± 12 57Fe 9.3 ± 0.4 88 ± 22
63Cu 0.025 ± 0.005 0.087 ± 0.001 63Cu 0.04 ± 0.01 0.13 ± 0.02 63Cu 0.04 ± 0.01 0.27 ± 0.03
66Zn 161 ± 12 93 ± 5 66Zn 126 ± 57 76 ± 30 66Zn 196 ± 50 150 ± 4
85Rb 0.074 ± 0.007 0.18 ± 0.01 85Rb 0.087 ± 0.27 0.17 ± 0.01 85Rb 0.08 ± 0.01 0.19 ± 0.01
88Sr 71 ± 2 82 ± 2 88Sr 32 ± 3 55 ± 3 88Sr 77 ± 2 81 ± 1
137Ba 1.08 ± 0.08 2.6 ± 0.4 137Ba 0.89 ± 0.2 2.8 ± 0.2 137Ba 2.1 ± 0.1 3.8 ± 0.2
208Pb 0.11 ± 0.01 1.7 ± 0.1 208Pb 0.11 ± 0.02 0.22 ± 0.09 208Pb 0.22 ± 0.11 0.72 ± 0.03
Isotope EAFA034#32 AFA034#32 Isotope EAFA034#32a AFA034#32a
25Mg 1811 ± 68 8714 ± 218 25Mg 1930 ± 324 8511 ± 105
55Mn 0.78 ± 0.08 0.45 ± 0.09 55Mn 0.74 ± 0.10 0.39 ± 0.03
57Fe 9 ± 2 21 ± 3 57Fe 11 ± 3 19 ± 1
63Cu 0.029 ± 0.009 0.13 ± 0.02 63Cu 0.032 ± 0.001 0.10 ± 0.02
66Zn 130 ± 32 113 ± 5 66Zn 137 ± 40 109 ± 2
85Rb 0.08 ± 0.01 0.15 ± 0.01 85Rb 0.08 ± 0.02 0.14 ± 0.01
88Sr 47 ± 3 60 ± 2 88Sr 43 ± 2 61 ± 2
137Ba 0.97 ± 0.09 3.1 ± 0.2 137Ba 0.91 ± 0.2 3.1 ± 0.07
208Pb 0.12 ± 0.02 0.75 ± 0.04 208Pb 0.12 ± 0.02 0.77 ± 0.03
aSample analyzed the same day as an unknown.
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 Figure 14. PCA plot of the enamel layer of different individuals. 
The PCA analysis of dentine + cementum samples of different individuals showed 
a correct grouping of the samples and there were more separation of the groups (Figure 
15). The sample AFA034#32 was analyzed as an unknown in the same analysis to 
validate the method. As expected, the groups AFA034#32 and AFA034#32a were 
completely overlapped and separated from the others, therefore the analysis was properly 
validated. Groups AFA139#16, AFA034#32, AFA034#32a, and AFA026#16 were 
considerably separated from the other groups suggesting their elemental composition is 
significantly different from the other groups. 
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 Figure 15. PCA plot of the dentine + cementum layers of different individuals. 
3.4.2.3.2   Elemental analysis of whole tooth 
  Elemental analysis on whole tooth samples was performed using the suggested 
NITE-CRIME laser ablation method described in Section 3.4.1.4. The same element 
menu as in the previous section was selected for discrimination analysis. The sample 
AFA093#17 was measured as an unknown sample in the same analysis to validate the 
method. Different teeth from the same individual (AFA265 and AFA289) were analyzed 
to assess the elemental composition within an individual. Each group is comprised of 5 
data points representing the elemental composition of an individual. Teeth samples from 
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the same individual or the sample measured as an unknown were represented with similar 
identification pattern in the PCA plot (AFA265#17, AF265#32, AFA289#1, AFA289#17, 
AFA289#32, AFA093#17, and AFA093#17a) (Figure 16). 
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Figure 16. PCA plot of the whole tooth samples of different individuals. 
 
     Almost all the individuals’ groups were correctly separated, although here was an 
overlapping between of the groups AFA004#1, AFA 078#1, AFA159#17, AFA265#17, 
and AFA265#32 (Figure 16). Overlapping of groups AFA265#17 and AFA265#32 was 
expected since these are samples from the same individual, but these were overlapped 
with other groups as well. The groups AFA289#1, AFA289#17, and AFA289#32 were 
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expected to be overlapping one on each other since they are teeth of the same individual. 
Based on the PCA analysis these three teeth from individual AFA289 seemed to have 
different elemental composition. Such separation may have to do with the development 
and the differences in elemental composition on the layers in teeth of the same individual.  
3.5 Conclusions 
 An analytical method using LA-HR-ICP-MS and HR-ICP-MS is suggested for 
bone and teeth matrices showing accurate and precise measurements of trace elements. 
Matrix suppression studies demonstrated the utility of using trace elements for 
discrimination analysis regardless the high content of Ca and P.  
 The crater morphology and the dimensions of the crater helped to evaluate the 
performance of the laser and to estimate the amount of mass ablated under the optimized 
LA conditions.  Although the SRMs and the bone samples had different densities, the 
ablated mass with the experimental set up resulted to be similar. What is more important, 
regardless the amount of ablated mass the non-matrix match calibration with SRM NIST 
612 (glass matrix) provided accurate and precise analyses of bone SRMs.  
Trace elemental analysis of buried bones requires careful examination to make 
sure the biogenic signal is been used for discrimination of individuals. With the 
approaches used in this study the possibilities of using the diagenetic signal was reduced. 
When humerus and femur bones are considered together, there is a significant variation 
within the same individual making unfeasible the separation of individuals by elemental 
composition using the combination with both bones. When the samples were separated 
by bone type, discrimination and separation of samples from different origins was 
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achieved. It was possible to separate bones from different origins if all the bone samples 
compared were collected from the same anatomical area, although the reasons for the 
differences are not clear and have not been investigated in this study.  
As expected, the elemental composition of the different layers in teeth showed 
differences in the concentration for some elements. When the elemental composition of 
the whole tooth was used for the separation of the individuals, there was more overlap 
between individuals that when the elemental composition of the tooth layers was 
considered individually. The mixed elemental composition in whole teeth may contribute 
to the discrepancies found in teeth samples from the same individual. Analysis of more 
samples teeth samples and the assessment of variation in elemental composition on teeth 
of the same individual will help to better interpret the results found in this study. 
  This method has demonstrated the capabilities and the discrimination power of 
elemental analysis on bone and teeth samples from different origin. Although the 
discrimination power of this method is satisfactory, increasing the amount of samples 
analyzed, assessing the heterogeneity of the elemental composition in different 
anatomical areas (humerus and femur compact bones) of an individual, and creating a 
database will increase the strength of the discrimination results.  The main goal of this 
study, developing an analytical method for the analysis of these matrices using LA-HR-
ICP-MS was successfully accomplished. These results open the possibilities of including 
trace elements composition for sourcing bones and teeth in forensic analysis.  
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4 HR-ICP-MS AND LA-HR-ICP-MS FOR THE ANALYSIS OF PLANT 
MATERIAL    
The use of elemental composition for identification and discrimination purposes 
has been successfully used in matrices such as bone and teeth matrices. The elemental 
composition in plant depends on the soil conditions and the nutrient availability in this 
medium; hence it could offer essential isotopic information that will allow the 
discrimination of plants of the same species originating from different environments.  
Elemental analysis of plants has been performed with different instrumental 
techniques including NAA[158, 159], ICP-AES, and ICP-MS [160, 161]. As mentioned 
in previous chapters the use of HR-ICP-MS and laser ablation offer several advantages 
over the other techniques that include excellent sensitivity, shortened analysis time, small 
sample consumption (in LA) and resolution of polyatomic interferences, especially in 
complex matrices such as in plants.   
In this study, an analytical method was developed for elemental analysis of plant 
material using the HR-ICP-MS and LA-ICP-MS with the SRM NIST 1515 (apple 
leaves). The method development included the selection of an element menu based on the 
major components in plants, the optimization of the analytical instrument using the SRM 
NIST 1515 (apple leaves), and the comparison of the LA with solution based work for 
corroboration purposes. Once developed, the analytical method was applied to the 
analysis of marijuana ashed samples confiscated in different areas of the USA. The 
results of this study will open the possibility of using elemental analysis to discriminate 
plants of different origin. To choose an element menu for discrimination it is important to 
understand the origin, role and distribution of trace elements on plants in general.  
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4.1 Plant material and its nutrients  
Inorganic elements play an important role in the growth and development of 
plants [162, 163]. Plants have a natural ability for the selection of chemical elements 
although they are highly dependent on the geochemistry of the environment around them. 
This biological selection enables the plant controlling its elemental composition but it is 
limited to the availability of these elements. The nutrition of a plant depends on the 
supply of essential chemical compounds for the metabolism and growth, and these 
chemical compounds are called nutrients [162]. Nutrients are transformed to cellular 
material that then will be used in the form of energy by metabolic processes. The 
essential nutrients for higher plants are of inorganic origin. The following conditions 
need to be met in order to consider an element as an essential nutrient: (1) the lack or 
deficiency of this nutrient will not allow the plant to complete or continue its life cycle; 
(2) the deficiency in the plant nutrition is specific for that particular element, and (3) the 
nutrient is directly related to a metabolic process in the plant [162]. 
Nutrients in plants may be divided in micronutrients and macronutrients, been the 
macronutrients needed in relatively higher amounts than the micronutrients. The 
macronutrients (elemental composition) in plants include: C, H, O, N, P, S, K, Ca, Mg, 
Na, and Si. The micronutrients are: Fe, Mn, Cu, Zn, Mo, B, and Cl. These nutrients 
classification is not always right since there could be cases where some micronutrients 
have relatively the same concentration as a macronutrient. In order to have a more 
appropriate classification the plant nutrients could be classified according to its chemical 
behavior and physiological function.  The plant nutrients are then classified in four 
groups being the first those elements that are the major constituents in the organic portion 
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of the plant (Table 21). The second groups consist of P, B, and Si, which share 
similarities in chemical behavior. The third group includes K, Na, Ca, Mg, Mn, and Cl. 
These elements are taken from the soil in the form of ions. The last group has the 
elements that are present in the plant in the form of chelates.  The 3rd and 4th groups are 
not clearly separated since Mn and Ca (present in group 3) are also able to form chelates 
in the plants [162].  
Table 21. Classification of nutrients in living plants [162]. 
Element Uptake Biochmeical Function
1 st  Group
C, H, O, N, S
In the form of CO2, HCO3
-
, H2O, O2, NO3
-
, NH4
+
, 
N2, SO4
2-
, SO2
Ions from the soil solution and gases from the 
atmosphere
Major constituent of organic material.
Essential elements of atomic groups 
which are involved in enzymic processes.
Assimilation by oxidation-reduction 
reactions.
2 nd  Group
P, B, Si
In the form of phosphates, boric acid or borate.
Silicate from the soil.
Esterification with native alcohol groups 
in plants.
The phosphate esters are involved in 
energy transfer reactions.
3 rd Group
K, Na, Mg, Ca, Mn, Cl
In the form of ions from the soil  solution.
Non-specific functions establishing 
osmotic potentials.
More specific reactions in which the ion 
brings about optimum conformation of an 
enzyme protein (enzyme activation).
Bridging of the reaction partners.
Balancing anions.
Controlling membrane permeability and 
electro-potentials.
4 th Group
Fe, Cu, Zn, Mo
In the form of ions or chelates from the soil solution.
Present predominantly in a chelated from 
incorporated in prosthetic groups.
Enable electron transport by valency 
change.
  
 
Living plant material composition includes organic matter, minerals, and water. 
The amount of these three may vary according to the plant type, but water will always be 
the major constituent. In general plant material is about 70% water, 27% organic 
material, and 3% minerals. Regardless the lower percentages of mineral content, trace 
elements are essential nutrients for plant growth and development [162].  
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There are several factors controlling the mineral content on plant material. The 
primarily factor is the uptake potential for specific mineral nutrients. The second most 
important factor controlling the mineral content in plants is the nutrient availability in the 
nutrient medium. There is an increase on the concentration of a particular element 
following a saturation curve as the nutrient medium increases.  
The distribution of nutrients in plants varies according to the plant organs. In 
general the leaves, roots and stems show higher variability in nutrients’ concentration 
than seeds, tubers, and fruits. The mineral content in plants also varies with age. Older 
plants tend to have higher concentration of Ca, Mn, and Fe whereas young plants and 
tissues seem to have higher concentrations of N, K, and P [164]. 
Most of the time, the mineral content in plant is expressed on a dry weight bias 
(µg g-1 or ppm); while for physiological considerations it is better to express the 
nutrients’ concentration on a fresh matter bias (mM or me = milli equivalents). Since 
plant organs have different water content it is important to be cautious when comparing 
concentration of nutrients on dry material of different organs.  
4.2 Soil: nutrient medium for plants  
4.2.1   General description of soil 
 Soil consists of a solid phase, a gas phase, and a liquid phase that affect the supply 
of nutrients in plants roots. The solid phase is considered the main reservoir of nutrients 
containing organic and inorganic particles. In the inorganic particles have cations such as 
K, Na, Ca, Mg, Fe, Mn, Zn, and Cu whereas the organic particles contain P, N, and S. 
The liquid phase is responsible of the ions transportation into the plant roots. Most of the 
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nutrients in the liquid phase are in the ionic form although some CO2 and O2 could be 
dissolved in the soil solution. The gaseous phase is responsible for the gas exchange 
between the organisms in the soil and the atmosphere by supplying O2 to the living 
organisms and removing the CO2 produced from the soil atmosphere. Although the three 
soil phases seem to have separate functions in plant nutrition, they are all interrelated. 
The availability of soil nutrients for the plants depends on the relationship of these phases 
[162].  
4.2.2   Nutrients availability 
Nutrient availability is related to the plant roots and the physical and chemical 
state of the nutrients in the soil medium. One of the processes by which the plant gets 
nutrients from the soil is called root interception. In this process, the close contact of the 
root with soil colloids allows for the exchange of H+ released from the plant with cations 
in the soil.  In root interception only cations close to the cell wall will have an exchange 
with the cations absorbed to the soil, which leads to a small amount of nutrient absorption 
by the plant. Therefore the root interception process does not provide the plant with the 
necessary amount of nutrients. Mass flow and dissolution are the main processes by 
which plants’ roots get most of the necessary nutrients. With the mass flow the nutrient is 
transported to the plant through a flow of water flowing from the soil to the plant’s root. 
The nutrient availability in this case will depend on the water flow rate, the concentration 
of the nutrient in the water and the capabilities of the plant for water consumption. The 
diffusion of nutrients on the other hand will depend on the supply from the soil and the 
plant demand. Diffusion of ions (nutrients) into the roots occurs from high to low 
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concentration of the nutrient. When nutrients in the soil solution are in high concentration 
the mass flow takes place allowing the movement of significant amount of water to the 
roots carrying the solutes. Nutrient depletion around the root occurs when the nutrient 
uptake is higher than the nutrient transportation into the plants.  
The mobility of ions (nutrients) into the plant is highly dependent on the 
nutrient’s concentration in the soil solution. The soil solution varies in composition and 
concentration and depends mostly on the soil moisture. In wet soil the soil solution is 
diluted while when the soil dries the soil solution becomes more concentrated.  
4.3 Trace elements in soil and plants 
 There are trace elements essential for the growth and development of all plants, 
few are only essential for specific species of plants and others are know to stimulate 
plants growth (Table 22).  
4.3.1   Lithium 
 The Li in earth’s crust tend to be more concentrated in felsic igneous rocks and 
sedimentary aluminosilicates. Lithium is released from the primary mineral in acid and 
oxidizing media and integrated to the clay minerals and some is fixed to the organic 
matter. The distribution of lithium in soil depends more on the conditions of the soil 
formation rather than to the initial content in its parent material [163].  
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Table 22. Forms and principal functions of trace elements essential for plants [163]. 
Element Constituent of Involved in
Ala
---------- Controlling colloidal properties in the cell,
 possible activation of some dehydrogenases
 and oxydases
Asa Phospholipid (in algae) Metabolism of carbohydrates in algaeand fungi
B Phosphogluconates (in algae) Metabolism and transport of carbohydrates, 
flavonoid synthesis, nucleicacid synthesis, phosphate 
utilization, and polyphenol production
Bra Bromophenols (in algae) ----------
Co Comabide coenzyme Symbiotic N2 fixation, possibly also in
 non-nodulating plants, and valence changes
 stimulation synthesis of cholophyll and
 proteins
Cu Various oxidases, plastocynins, 
and cenilopasmin
Oxidation, photosynthesis, protein and carbohydrate
 metabolism, possibly involved in symbiotic N2 
fixation, 
and valence changes
Fa Fluoroacetates (in a few species) Citrate convertions
Fe Hemo-proteins and nonheme iron proteins,
 dehydrogenases, and ferrodoxins
Photosynthesis, N2 fixation, and valence changes
Ia
Tyrosine and its derivates
 (in angiosperms and algae) ----------
Lia ---------- Metabolism in halophytes
Mn Many enzyme systems Photoproduction of oxygen in chloroplasts,
 and indirectly in NO3
-
 reduction
Mo Nitrate reductase, nitrogenase, oxidases, 
and molybdoferredoxin
N2 fixation, NO3
-
 reduction, and valence changes
Nia Enzyme urease (in Canavalia  seeds) Possibly in action of hydrogenase and traslocation of N
Rba ---------- Function similar to that of K in some plants
Sea Glycene reductase (in Clostridium  cells) ----------
Si Structural components ----------
Sra ---------- Funtion similar to that of Ca in some plants
Tia
---------- Possibly photosynthesis and N2 fixation
Va Porphyrins, hemoproteins Lipid metobolism, photosynthesis (in green algae), 
and possibly in N2 fixation
Zn Anhydrases, dehydrogenases, proteinases,
 and peptidases
Carbohydrate and protein metabolism
a Elements known to be essential for some groups or species and whose general essentiality needs confirmation
 
 The lithium in soil is readily available for plants absorption; therefore it is a good 
reference to determine its content in the soil medium [165].  The lithium in soil is also 
been found to be strongly associated with Ca and Mg [166]. In plants is seems that 
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lithium shares the same transport carrier as K+, which makes it easily transported into the 
plants. In general, lithium tends to be more concentrated in the leaf tissues than in the 
root or bulbs. Some evidence suggests that lithium affect the plant growth and 
development. Soil rich in lithium may cause toxic effects in some plant species such as 
citrus trees [165]. It is known that Ca inhibits the lithium uptake by plants, thus the 
addition of calcium could reduce the toxic effect of lithium in the plants.  
4.3.2   Rubidium 
Rubidium is found in higher concentrations at sedimentary aluminosilicates and 
felsic igneous rocks. Contrary to lithium, Rb content in soils mainly comes from the 
parent rock and it is found in higher concentrations at soils over granites and gneisses, 
and in alluvial soils. Organic matter and micaceous clay minerals favor the sorption of Rb 
in soil.  
Plants easily absorb rubidium from the soil. It seems to take K+ place in some 
sites but it can’t replace the role of K+ in metabolic processes. Higher concentrations of 
rubidium in plants may have a toxic effect, although in potassium deficient plants such as 
sugar beets the combination of rubidium and sodium can stimulate the plant growth 
[167]. 
4.3.3   Copper 
 Copper is more abundant in intermediate rocks. Copper forms various minerals 
that are easily soluble in weathering processes releasing Cu ions in acidic environments. 
It also has the ability of interact with mineral and organic material, and can precipitate 
when combined with sulfide, carbonate, and hydroxide anions. The variability of copper 
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in soil profiles is very small. It is believed that Cu in soil is found in the divalent ionic 
form (2+) but other species may occur. Copper can be fixed in inorganic and organic 
exchange sites by means of absorption, occlusion and co-precipitation, organic chelation 
and complexing, and microbial fixation [163]. 
 The Cu content in plants is between 2-20ppm of dry plant material. The uptake of 
this element seems to be mediate through a metabolic process and some evidence 
suggests that Cu inhibits the Zn uptake and vice versa [168]. Copper enters the plant roots 
in a dissociated form, but once in the roots it is found in complex form. The movement of 
Cu through the different plant organs depends highly on the supply of this element [169]. 
Copper tends to accumulate in the roots and leaf until the tissues get old, then only small 
amounts of Cu can move to the younger organs. Also Cu tends to be in higher 
concentrations at the reproductive organs of plants, although this may vary within plant 
species.   
 It is been found that Cu in plants is complexed with low molecular weight organic 
compounds and proteins. Also it is been found that Cu occurs in enzymes essential in 
metabolic processes in the plant. Cu is an essential component involved in 
photosynthesis, respiration, carbohydrate distribution, N reduction and fixation, and 
protein and cell wall metabolisms. It is also involved in controlling water relationships 
and in the production of RNA and DNA. Copper deficiency inhibits the reproduction of 
the plants by decreasing the production of seeds and making the pollen sterile. Sufficient 
supply of Cu is been related to the plant resistance to fungal diseases [163].  
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4.3.4   Strontium 
Strontium is an element found in intermediate magmatic rocks and in carbonate 
sediments. It shares similar biochemical characteristics with Ca and sometimes with Mg. 
The Sr/Ca ratio is fairly stable in the biosphere; therefore it is often used to assess Sr 
concentrations in the environment. The Sr content in soil is mainly controlled by the 
parent rock and the climate.  
There is a wide range of Sr concentration in plants (<1 ppm-10,000ppm dry 
weight). Lower concentration of Sr was reported for fruits, grains, and potatoes tubers 
while higher concentrations were found in legume herbage. The Sr uptake by roots seems 
to involve exchange diffusion and mass flow mechanisms [170]. The Sr in the roots is not 
very readily transported to the younger organs, although it is often reported to be in 
higher concentrations at the top of the plant. Sr is toxic to plants at 30ppm ashed weight 
[171]. Although a toxicity level has been reported the tolerance of Sr varies within plant 
species.  
4.3.5   Barium 
The Ba concentration in earths crust often lies between 400 to 1,200 ppm and 
tends to be concentrated in intermediate and felsic magmatic rocks. Since Ba has similar 
ionic radius than K+ it is often associated with potassium. The barium resulted from rock 
decomposition precipitates easily as sulfates and carbonates. Barium tends to be in higher 
concentrations in clays, P and Mn concretions and minerals, and in varnishes of aridic 
soils. The mobilization of Ba in soil depends on the soil conditions; therefore its 
concentration varies considerably in the soil solution [163]. 
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Although barium is commonly present in plant at concentrations of 1 to 98 ppm 
dry weight, it does not show to play an important role in plant growth and development. 
Higher concentrations of Ba have been reported in leaves of cereal and legumes while 
lower concentrations were reported in grains and fruits. Barium is readily available for 
plant uptake in acidic soil. It has been reported as Ba toxic concentrations in plants to be 
1-2% dry weight and 220 ppm the highest and moderate toxic levels respectively [171, 
172]. Barium toxicity may be reduced in soils rich in Mg, S, and Ca [163]. 
4.3.6   Zinc 
 Zinc is often present in soil at concentrations ranging from 10 to 300 ppm in 
different minerals. A zinc ionic radius is similar to that of Mg+ and Fe2+, thus it can 
replace those ions in mineral structures.  The presence of zinc in these mineral structures 
makes up for most of the zinc present in many soils. Zinc salts are also present in soil 
although because of their high solubility they will not prevail in the soil for extended 
periods [173]. Zinc may occur at exchange sites of clays and organic matter or could be 
found absorbed on the soil surface in the form of Zn2+, ZnOH+ or ZnCl+. It is been found 
that the absorption of Zn by goethite increases with the pH increase, therefore the 
movement of Zn is then restricted in neutral and alkaline soils [174].  The concentration 
of Zn in soil solution is low (3x10-8 to 3x10-6). The solubility of Zn in soil is restricted by 
higher pH and by the presence of CaCO3 [162]. 
 There is a general disagreement in whether the plants absorb Zn through passive 
or active mechanisms. Regardless there is strong evidence that suggests the Zn uptake is 
carried out mostly by active mechanism [162, 163]. About 90% of the total Zn in plant 
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roots is likely to happen due to the absorption onto the cell walls surface or on exchange 
sites. There is a consensus that the absorbed Zn is in the form of both Zn2+ and hydrated 
Zn, although Zn chelates and other complex ions could also be absorbed. It is been 
reported that Zn is likely to be bounded to soluble low molecular weight proteins and that 
it also forms insoluble Zn complexes [163]. 
 There is a debate about Zn mobility within the same plant. Some studies suggest 
Zn is highly mobile throughout the plant while others say it has intermediate mobility. 
Some plants mobilize significant amounts of Zn from old leaves to new organs, but when 
deficient the same plant showed little mobility from old leaves to other organs. 
Baumeister and Ernst in 1978 calculated that about 75% of the total Zn absorbed is found 
in the top of young plants while only 20-30% happens in the top of old plants [175]. Most 
of the time Zn is concentrated at the plant roots, although it can me relocated and 
accumulated at the top of the plant. It is been reported that Zn is located in chloroplasts 
and likely to be accumulated in the vacuole fluids and in cell membranes [176].  
 The zinc tolerance varies with plant species. Some plants are able to grow in Zn 
rich environments. Regardless, concentrations ranging between 150 -200 µg Zn g-1 dry 
weight is considered toxic to the plant [177]. 
4.3.7   Aluminum 
Aluminum is one of the main constituents of earth’s crust present in the form of 
feldspar CaAl2Si2O8 [162, 163]. The Al content in soil originates from the parent rock 
forming a series of Al hydroxides of different charges and composition and becoming the 
structural components of clay minerals. These Al hydroxides have low solubility in a pH 
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range of 5-8. The mobility of Al in soil is improved significantly in acidic medium. 
Therefore Al in acidic soils will be readily available for plants intake. Although 
aluminum is a common element present in plants, its content varies with plant species 
and the soil conditions. For higher plants it is been reported that Al happens at around 
200ppm dry weight [163]. The physiological role of Al in plants is still unknown but it is 
been found that at low levels it benefits the plant’s growth [178, 179]. 
In an acidic medium the mobile Al can be easily taken up by the plant causing 
chemical stress [165].  Aluminum toxicity often results in higher concentrations of Fe and 
Mn because their availability is increased in an acidic soil.  It also results in lower 
concentrations of Mg and Ca because these tend to leach in this medium [162]. 
4.3.8   Lead 
 Lead is found in concentrations of 10-40ppm in the acids series of magmatic 
rocks and argillaceous sediments and from 0.1 to 10ppm in calcareous sediments and 
ultramafic rocks. The main occurrence of lead in soil is in the form of 2+ although the 4+  
is also known to happen. As the rock decomposes the lead sulfide oxidize turns into 
carbonates that could be incorporated into the clay minerals, and in the organic matter. 
Since Pb2+ have similar chemical properties as the divalent alkaline earth group, lead can 
replace Ca, Ba, K, and Sr in sorption sites and in minerals. The natural occurrence of Pb 
comes mainly form the parent rock and the soil enrichment of this element is associated 
with lead pollution [163]. The main source of Pb pollution comes from petrol combustion 
which accounts for up to 80% of the total Pb contamination in the atmosphere [162].  
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Lead is an element toxic to the plants although it can be found in all plants at low 
concentrations. Broyer et al. reported the necessary Pb levels in a plant to be between 2-
6ppb [180]. The absorption of lead thought the roots is through passive mechanism. The 
rate uptake is decreased when calcium is added to the soil and in lower temperatures 
[181, 182]. The plant’s roots absorb the Pb in the soil solution and it is mostly stored in 
the cell walls. The Pb takeup rate increases as its concentration in the soil solution 
increases. Therefore the Pb content in the plant is highly correlated with the Pb 
concentration in soil. Only 3% of the Pb in the roots is moved to reproductive organs 
[182]. Airborne lead can be absorbed by the plant’s foliage although it is still unclear in 
which extent the Pb is fixed to the hairy or waxy cuticles of leaves.  
4.3.9   Manganese 
 The manganese concentration in rocks varies from 350-2000ppm. It is one of the 
most abundant elements in the crust earth. During the rock decomposition process the Mn 
released forms minerals such as pyrolusite (MnO2) and manganite [MnO(OH)]. The main 
occurrence of Mn in soil is in the form of 2+ and Mn oxides. The divalent form is 
absorbed by the clay minerals, organic matter, and in soil solution. The soil pH, organic 
matter content, microbial activity and soil moisture are factors that influence the Mn 
availability as a nutrient [162]. The Mn compounds in the soil play an important role in 
the plants’ nutrition and in controlling other nutrients. Mn concentration varies according 
to plant species and ranges from 17-334 ppm dry weight. A plant with Mn concentrations 
between 15 to 25 ppm is considered to be deficient of this element while concentrations 
around to 500 ppm dry weight have toxic effects in most of the plants [163]. 
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4.3.10   Magnesium 
Sandy soils contain about 0.05% of Mg while clay soils have 0.5% of this 
element. The magnesium present in clay soils is high because it is the product of the 
weathering of ferromagnesian minerals such as serpentine, olivine, biotite, and 
hornblende. Higher concentrations of Mg in from of MgSO4 are commonly found at arid 
and semi-arid soils. The distribution of Mg in soil is divided in exchangeable and non 
exchangeable and water soluble forms [162]. Although the non-exchangeable Mg is 
found not to be readily available for plants absorption, there is some evidence that under 
certain circumstances it could be available. Mg in the exchangeable and soil solution 
fractions is readily available for plant uptake. These two Mg fractions are the most 
important supply of this nutrient for plants. The Mg concentration in soil solution is fairly 
high ranging from 2 to 5 mM, although higher concentrations have been reported (up to 
150mM) [162].  
 Plant roots seem to have a poor Mg2+ uptake when compared to K+. This behavior 
may have to do with the cation competition (K+ and NH4+) in the passive transport 
happening in the plant’s root. The excess of K+ can affect the Mg2+ uptake in plants. 
Magnesium can translocate form older to younger leaves or to the apex.  
Deficiencies of Mg produce various effects upon the plant species. The effects 
start at the older leaves and moving to the younger ones. A magnesium deficiency may 
lead to a delayed reproduction phase of the plant [183].  
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4.3.11   Nickel 
 The highest concentration on nickel is found to be high in ultramafic rocks (1400-
2000 ppm) while it is decreased in acidic rocks such as granites (5-15 ppm). In 
sedimentary rocks Ni ranges from 5-90 ppm being the highest at the argillaceous rocks 
and lower in sandstones [163]. Nickel has affinity for metallic iron and will join 
whenever they come together. Most of the Ni in terrestrial rocks occurs in sulfides and 
arsenides and will replace iron in the ferromagnesians. Nickel will also associate to 
carbonates, silicates, and phosphates. During weathering Ni is easily mobilized and co-
precipitated with Mn oxides and iron. Ni2+ is fairly stable in aqueous solutions and can 
move through significant distances. 
 Most of the Ni at the surface soil is likely to be bonded to an organic phase from 
which some could be soluble chelates [184]. Also the Ni carried by iron and manganese 
oxides in soil seemed to be available for plant uptake [185]. Clays and loamy soils, in 
soils over basic and volcanic rocks, and in organic rich soils are always high Ni content. 
The world mean Ni concentration is 20 ppm and 19ppm in the USA soil [163]. 
 The normal Ni concentration in dry plant material is between 0.1 to 5 ppm. Nickel 
seems to be a non essential nutrient in the plant metabolism although some studies have 
found a close relation of Ni with the enzyme urease [186]. Nickel in soil is readily 
available and rapidly taken up by plants. There is a positive correlation of the Ni 
concentration in plants and in soil until the optimal Ni concentration in the plant is 
achieved. One of the principal factors that affect the Ni uptake is the soil pH. It is been 
reported a decrease of nickel content in oat grains by increasing the pH from 4.5 to 6.5 
[187]. 
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Higher concentrations of Ni can be toxic to plants and in the soil may reduce the 
uptake of most of the other nutrients [188]. The addition of lime or potassium can reduce 
the toxic effect of Ni in plants. 
4.3.12   Iron 
 Iron is present in all soils and constitutes about 5% by weight of the earth’s crust. 
The geochemistry of iron in soil depends mostly on the ease of change valence states due 
to the soil specific chemical conditions. The Fe in oxidizing and alkaline environment 
will precipitate while the iron in acidic and reducing conditions will promote the solution 
of iron compounds [163]. The iron in soils is believed to be mostly in the oxides, 
hydroxides, and chelates forms. The soluble iron content in soil is very low when 
compared to the total iron. The soluble iron forms include Fe3+, FeOH2+, Fe(OH)2+, and 
Fe2+, being the last the least to contribute to the total soluble inorganic Fe except under 
high pH soil environment [162]. 
 The absorption of iron by plants is metabolically controlled although plants also 
absorb the chelates and the divalent and trivalent forms. The plant roots have the 
capability of reducing Fe3+ to Fe2+ that allows the absorption of this nutrient. Iron moves 
through the plant as citrates and soluble ferredoxines. The iron deficiency in plants is 
observed first at the younger plant parts. The Fe uptake and transport into the plant 
tissues is strongly affected by the soil pH, the P and Ca concentrations, and the ratios of 
some heavy metals [163].  
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4.3.13   Vanadium 
Vanadium is more abundant in mafic rocks and in shales with a concentration 
range of 100 to 250ppm. The behavior and chemical characteristics of vanadium depend 
greatly on the oxidation state and the pH of the medium. Vanadium can form oxides, 
hydroxyl oxides, but it does not form its own minerals. Instead vanadium replaces other 
metals such as Al, Ti, and Fe in crystal structures.  
Vanadium tends to be in higher concentrations in organic shales and bioliths since 
it associates mostly with the organic matter. It has been reported that most of the mobile 
vanadium is the one held in Fe oxides [185] while in other reports say the VO2+, VO43-, 
and VO3- are mobile forms of vanadium in soil. The average world wide V concentration 
is 90ppm and 84ppm in the U.S. soil [163]. 
It is still unclear the role of V in plants although it was reported a high 
concentration of V in some legumes which may suggest that V has a role with the N2 
fixation [189]. Welch and Cary suggested that if V was essential for plants the optimal 
concentration of this metal will be 2ppb dry weight [190].  
The plant roots rapidly take up the soluble V in soil. There are some species that 
are able to accumulate this element. It was reported in a study that V was passively 
absorbed in barely roots since the uptake was linearly correlated with the V concentration 
and also was highly dependent on the pH [191].  The VO2+ species in acid conditions 
seemed to be absorbed more rapidly by the roots than the VO3- and HVO42- species 
occurring in neutral and alkaline solutions. The average concentration of V in higher 
plants is reported to be 1 ppm dry weight, whereas in ashed vegetables it is been reported 
to be <5-50ppm [163].  
 117 
Excess amounts of V can be toxic to the plant. The toxicity level can vary 
according to the plant species. Chlorosis and drawfing in some plants may occur at about 
2 ppm dry weight, while in others higher concentrations are needed [163]. 
4.3.14   Cobalt 
 Higher concentration of Co earth’s crust is found in ultramafic rocks with a range 
of 100 to 220 ppm while in acid and in sedimentary rocks its concentration ranges are 1 
to 15 ppm and 0.1 to 20 ppm respectively. During the rock degradation Co mobilizes in 
relatively acid media, although due to its high affinity with Fe and Mn oxides and clay 
minerals this element does not migrate into the soil solution.  Therefore the soil organic 
matter and the clay content are important factors affecting the Co distribution and 
behavior in soil [163]. 
 The Co uptake on plants is mainly by the roots; although it can be easily take up 
by the leaves through the cuticle. The ability of the plant to absorb cobalt depends on the 
mobile Co in soil and the Co concentration in soil solution. In the absorption process the 
Co behaves like Fe and Mn and it is transported in a form of organic complex compounds 
[163].  
 The concentration of cobalt in plants varies upon the species. It is known that 
legumes accumulate more Co than the grasses. Plants growing in soils rich in Co 
presented a high accumulation of this metal even though they are not Co accumulators. 
An excess of Co though can be toxic to some plant species.  
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4.3.15   Molybdenum 
 The abundance of molybdenum in earth’s crust is mostly associated to granitic 
and other acidic magmatic rocks ranging from 1 to 2 ppm concentration. In organic rich 
environments Mo concentration is above 2 ppm. Most of the earth’s molybdenum is in 
the minerals MoO2- anion and MoS2 (molybdenide), which are often associated to Fe and 
Ti minerals.  In the weathering process the Mo sulfides oxidize leading to MoO42- in 
neutral and basic environments whereas HMoO4- is formed in acid environments. Most of 
the Mo in soil is originated form the parent rock and ranges from 0.013 to 17 ppm in 
world soils. Soils originated from organic rich shales and granitic rocks are often high in 
Mo content [163].  
 The soil pH and the drainage conditions are one of the principal factors governing 
the Mo solubility in soil and availability to plants. In alkaline environments the Mo is 
absorbed easily due to the high activity of MoO2- in this medium, while in acidic soils 
with pH < 5.5 and with high iron oxide content, the Mo is barely available for plants 
absorption. A common way to increase Mo availability is by liming the acid soil. 
 Molybdenum is considered an essential nutrient for plants, although the amount 
required is low.  Plants absorb Mo mostly in the form of molybdate ions and its 
concentration in plants is linearly correlated to the Mo concentration in soil. 
Molybdenum mobility in plants is moderate although the translocation process is still 
unclear. Tiffin in 1972 suggested that the translocation could be possible through organic 
complexing [192].  Molybdenum is an essential component of nitrogenase and nitrate 
reductase and it is also present in other enzymes (oxidases) that catalyze other reactions 
where Mo acts as a redox carrier due to the change in valence between Mo6+ to Mo5+ 
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[193]. The presence of Mo in these enzymes indicates the Mo is essential in the N2 
fixation or NO3 reduction process.  Plants supplied with NH4-H do not require as much 
Mo as the plants that use NO3-N. 
 Typical concentrations of Mo in leaves are in the order of 1 ppm dry weight or 
less, whereas higher concentrations are found in the nodulated roots. Some legumes 
species accumulate higher quantities of Mo (about 350 ppm dry weight) without showing 
signs of toxicity. In legumes the average Mo concentration is between 0.73 to 2.3 ppm 
while in grasses ranges from 0.33 to 1.5 ppm dry weight. Areas contaminated with Mo 
present higher concentration of this element in plants.  
4.3.16   Calcium 
On average, the calcium concentration in earth’s crust is about 3.64%. Calcium in 
soil is present in the form of several primary minerals such as calcium phosphates, 
calcium carbonates, and the Ca bearing Al silicates (feldspars and amphiboles). The 
calcium concentration in soil varies according to the parent rock and the influence of the 
weathering and leaching processes during the soil formation. Soils highly leached and 
weathered are in general low in Ca content whereas soils originated from limestone or 
chalks usually present high concentrations of Ca [162].  
 The calcium uptake and translocation in plants appear to be mainly a passive 
process. Higher plants exhibit considerable concentrations of Ca, although this 
concentration is mostly attributed to the high Ca levels in the soil solution rather than due 
to the efficiency of the take up mechanism. Although the Ca2+ in soil solution is 10 times 
higher than K+, the Ca2+ uptake rate is lower than K+. The lower Ca uptake rate is 
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attributed to the fact that Ca is absorbed only by young root tips where the cell walls are 
still not suberized [194]. The calcium uptake is also affected by the presence of other ions 
such as K+ and NH4+ that are quickly absorbed by the roots. Any factor affecting the 
growth on new roots such as poor aeration and low temperatures will also affect the Ca 
uptake.  
In plant tissue, Ca is present as a free form of Ca2+, as Ca2+ absorbed to 
carboxylic, phosphorylic and phenolic hydroxyl groups, and as in Ca oxalates, 
phosphates and carbonates which are often deposited in the vacuoles. On the other hand 
the Ca is present in seeds as the salt of the inositol hexaphosphoric acid. The majority of 
the Ca in plant tissue is located at the apoplast and in the vacuoles. 
When plants have a poor supply of Ca, most of this element is found at the cell 
wall fraction or as oxalate [195]. Calcium deficiency in plants characterizes for a 
reduction in the growing tissue causing deformation in young and new leaves and further 
on necrosis at the leaf extremes [162].  
4.4 Cannabis sativa plant 
 Marijuana is one of the most commonly used illegal drugs in the United States. 
Cannabis sativa is believed to originate in Central Asia and quickly distributed 
throughout the world by means of men activities. Whether cultivated or grown in the 
wild, Cannabis plants originating from different geographical environment present 
different morphological and biochemical properties [196]. Cannabis plants are one of the 
most popular plants for drug preparation especially in the form of marijuana and hashish. 
Marijuana includes a mix of dry plant tissue while hashish consists of resins extracted 
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from the flowers [196]. The Cannabis plants grow relatively fast and can reach maturity 
in 60 days. It can be cultivated indoor or outdoor under optimal heat and light conditions. 
Cannabis plants are characterized by finely branched leaves subdivided into lance-shaped 
leaflets with saw-tooth edge. The Cannabis plant could be either male or female and 
these are produced almost equally. The flowers in male plants are located on small, 
branched flower stalks, in the leaf axis with a tiny leaf opposite whereas the female 
flowers are in leafy spikes and clothed in sticky hairs (Figure 17). 
 
Figure 17. Picture Cannabis plant. 
It is of special interest for the forensic scientist to be able to determine the origin 
of confiscated plants by law enforcement officers. Trace elements can serve as 
geographical markers and/or be utilized to differentiate between plants of different origin. 
Typical elemental analysis of Cannabis plants have been done by NAA and Atomic 
Absorption Spectroscopy (AAS) [159]. More recently LA has been applied for the 
Female Male 
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forensic analysis different Cannabis crops in Australia. Elemental analysis of the plants 
was used to create elemental profiles of the raw data and used for the discrimination of 
plants of different origins [80]. Although this data analysis technique seemed to provide 
favorable results, it is based solely in the comparison of spectral profiles. Laser ablation-
ICP-MS have been demonstrated to provide true quantitative analysis for discrimination 
of different matrices such as glass and paint.  
It is known that the elemental composition of different plant organs may vary 
upon the species [162, 163], thus elemental composition for sourcing purposes should be 
restricted to a specific organ such as leaves and flowers of Cannabis plants. Mixing 
different plan tissues may introduce another variable that will affect the discrimination 
process. A method for elemental analysis of plant material and Cannabis samples using 
LA-HR-ICP-MS is been developed in this study. 
4.5 Methodology 
4.5.1   Method development 
4.5.1.1   Solution based analyses 
 4.5.1.1.1   Sample preparation and digestion procedure 
The Standard Reference Material (SRM) NIST 1515 Apple Leaves (National 
Institute of Standards and Technology, Gaithersburg, MD, USA) was used for the 
optimization of the digestion procedure. The SRM was dried as indicated in the NIST 
certificate. After dried, 100 mg of the SRM NIST 1515 were weighed and placed into 50 
mL plastic disposable digestion tubes (Environmental Express Inc., USA). Three 
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milliliters of HNO3 16 M (Optima grade, Fisher Scientific, Pittsburg, USA) and 1 mL of 
30% ultrapure hydrogen peroxide (J.T. Baker, Phillipsburg, NJ, USA) were added to each 
digestion vessel. The vessels were closed, vortex mixed and sonicated for 2 hours to 
assist the digestion process. A condensation disc was placed on top of the digestion 
vessel to avoid evaporation of the acids. The digestion vessels where placed in a heating 
block at 85°C for 8 hours until no particles residues were observed. 
 The remaining solution (4 mL) of the digestion process was transferred into a 50 
mL volumetric flask. One thousand microliters of a 250 ng g-1 rhodium standard solution 
(CPI International, Santa Rosa, California, USA) were added as internal standard to a 
final concentration of 5 ng g-1 in Solution A. The volume was completed with deionized 
water (≥18 MΩcm-1) (Nanopore Infinity filtration system (Barnstead)). 
 An aliquot of 25 µL of Solution A were transferred into a 10 mL volumetric flask. 
Rhodium was added as internal standard to a final concentration of 5 ng g-1 (200 µL of a 
250 ng g-1 Rh standard solution –CPI International, Santa Rosa, California, USA). The 
volume was completed with HNO3 0.8M (Optima grade, Fisher Scientific, Pittsburg, 
USA) (Solution B). 
 Twenty-five microliters of Solution A were transferred into a 25 mL volumetric 
flask with 500 µL of a 250 ng g-1 rhodium standard solution (CPI International, Santa 
Rosa, California, USA) as internal standard (final concentration-5 ng g-1). The volume 
was completed with HNO3 0.8 M (Optima grade, Fisher Scientific, Pittsburg, USA). 
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4.5.1.1.2   External calibration curve 
Single element stock solutions of 1000 mg L-1 of each element were used to 
prepare the calibration curve. The following isotopes were measured for quantification: 
25Mg, 27Al, 55 Mn, 56Fe, 57Fe, 85Rb, 88Sr, 137Ba, and 208Pb. 
  All solutions were prepared using high purity deionized water (>18 MΩcm-1) 
obtained with a Nanopore Infinity filtration system (Barnstead) and ultratrace elemental 
grade nitric acid (Optima Nitric Acid 70%, Fisher®). Elements were measured against 
normal ICP-MS calibration. The calibration levels were as follows: 0, 0.5, 1, 3, 5, 7 and 
10 ng g-1. A rhodium solution (CPI International, Santa Rosa, California, USA) at a 
concentration of 5 ng g-1 was added as internal standard. 
Control verification checks (at 3 ng g-1 and 5 ng g-1), including a secondary source 
standard to validate external calibration, were run with samples in order to evaluate drift 
and precision over time. 
4.5.1.1.3   Recovery study 
 New ceramic crucibles with lids were cleansed with acid detergent and rinsed 
with deionized water (>18 MΩcm-1) obtained with a Nanopore Infinity filtration system, 
Barnstead. The crucibles were placed in the oven for 2 hours at 150ºC. The crucibles 
were removed from the oven and let cool down at room temperature for weighing 
measurements.  The crucibles were weighed until constant weight was achieved (±0.005 
g). About 300mg of the SRM NIST 1515 Apple leaves (National Institute of Standards 
and Technology, Gaithersburg, MD, USA) were placed crucibles and the placed in the 
furnace. Five SRM samples and 3 method blanks were placed in a furnace at 150ºC for 1 
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hour and then at 300ºC for an additional 5 hours. The crucibles were removed from the 
furnace and let cool down to room temperature. Once at room temperature the crucibles 
with the ashes were weighed to determine the mass lost. An average of ~20 mg of ashed 
samples was recovered. 
Then the ashes were reconstituted in the crucibles with 3 mL of HNO316M  
(Optima grade, Fisher Scientific, Pittsburg, USA) and 1 mL of 30% ultrapure hydrogen 
peroxide (J.T. Baker, Phillipsburg, NJ, USA) and transferred to 50 mL digestion tubes 
(Environmental Express Inc., USA). The samples were submitted to the digestion 
procedure abovementioned (Section 4.5.1.1.1).  
Once the digestion was completed, the solutions were transferred to 50mL 
volumetric flasks and Rh standard was added as internal standard for a total concentration 
of 3 ng g-1. The solution was completed with deionized water (>18 MΩcm-1 obtained with 
a Nanopore Infinity filtration system, Barnstead). The samples and the method blanks 
were measured against an external calibration curve described in section 4.5.1.1.2 to 
asses the recovery.   
4.5.1.1.4   Data analysis 
The intensities (cps) for the standards and samples were normalized to the 
rhodium (internal standard) signal (cps). A linear regression line was determined from the 
plot of the normalized signal (cps) against the concentration of the correspondent 
standard. The concentrations in the samples were determined by using the slope and 
intercept of this equation. 
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4.5.1.2   Laser Ablation Analyses 
The LA signal of the sample was acquired for approximately 120 seconds. For the 
first 30 seconds of the analysis the laser was not fired to acquire a “black” signal that 
accounts as background. Then the laser is fired for 60 seconds where only the middle 30 
seconds were account for signal integration since the first interaction of the laser with the 
sample produce an unstable signal at the beginning of the ablation. After the laser was 
turned off, the signal was recorded for an additional 30 seconds to confirm that it returned 
to its blank value and to help purging the system between samples. 
The following isotopes were measured for quantification: 25Mg, 27Al, 55 Mn, 56Fe, 
57Fe, 85Rb, 88Sr, 137Ba, and 208Pb. 
 4.5.1.2.1   Sample preparation 
Pellets of the SRM NIST 1515 Apple leaves (National Institute of Standards and 
Technology, Gaithersburg, MD, USA), Cabbage Control 4 (University of Utah cabbage 
sample) and Control M (FIU marijuana sample) were prepared with a manual pellet press 
(CARVER, Inc., IN, USA) and a stainless steal 13 mm die.  
 4.5.1.2.2   Assessment of calcium as internal standard 
Calcium is one of the principal nutrients and it is found in % levels in plants, thus 
it is a good candidate to be used as internal standard for LA analysis. In order to assess 
the calcium concentration in the ashed marijuana samples, the SRM NIST 1515 and 3 
samples were analyzed in replicates of 3 with SEM/EDS to determine an average 
concentration for this element.  The samples were measured in low vacuum with a WD of 
10, spot size 5, 20 kV, ~100x, and 100 scans.  
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4.5.1.2.3   Data analysis 
Glass SRM NIST 612 glass matrix (National Institute of Standards and 
Technology, Gaithersburg, MD, USA) was used as external calibrator for the laser 
ablation data processing.  Calcium of mass 43 was used as internal standard. The 
concentration of the different elements was determined in the GLITTER V4.1 software 
(GEMOC, Macquarie University, Australia). The description of the software and how it 
works is been explained in section 2.3.4. 
4.5.1.3   Instrumentation 
A HR-ICP-MS system ELEMENT 2 (Thermo Electron Co. Bremen, Germany) 
was used for solution based and laser ablation analyses. The ICP-MS was coupled to a 
Nd:YAG laser unit (New Wave UP- 213 operating at 213nm from New Wave Research, 
Fremont, CA, USA). The operative principles and a description of the HR-ICP-MS and 
the laser system were described in Chapter 2, Sections 2.3.2.1 and 2.3.2.3 respectively.  
The laser ablation and HR-ICP-MS optimized parameters used in this study are 
presented in Table 23.  Since the amount of the ashed marijuana samples were between 
10-70mg it was difficult to do additional homogenization of the ashes due to the high risk 
of loosing sample in the mixing jars. In order to avoid going thought the pellet and to 
improve the precision of the analysis and representation of the sample, the ablation mode 
selected was single line with a 100µm spot size. Helium was used as carrier gas since it 
has been demonstrated previously that there is an improvement in the sensitivity of LA 
analyses with glass.  
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The assessment of calcium as internals standard was performed with a SEM with 
an EDS detector (JEOL JSM 5900LV, JEOL USA, Inc. Peabody, MA, USA). The 
operative principles are described in Section 3.3.2.1. 
Table 23. LA-HR-ICP-MS optimized parameters. 
 
 
 
 
 
 
 
 
4.5.2   Elemental analysis of ashed marijuana samples 
4.5.2.1   Samples description 
Ashed marijuana samples donated from University of Utah were submitted for 
elemental analysis. The samples were confiscated material from different areas of USA 
(Table 24) and were comprised of plant leaves except sample 569, which was a mix of 
leaf and flowers.  
Samples 372, 402, 409, 415, 428, 433, 434, 453, 456, 466, 473, 474, 479, 483, 
484, 502, 503, 504, 510, 516, 518, 529, and 530 were prepared in replicates of 3 when the 
amount of sample allowed it. The samples were treated and digested following the 
Parameters Pre- Ablation Ablation
Wavelength Auxiliary Gas 0.80 L min-1
Spot Size Carrier Gas Flow 
(solution) ~0.99 L min-1
(laser) ~1.0 L min-1
Ablation Mode Rastering Single Line Nebulizer Flow
(solution) 0.80 L min-1
(laser) 0.72 L min-1
Scan Rate 75 µm sec-1 15 µm sec-1 RF Power
(solution ) 1350W
(laser) 1300 W
Energy Output 2.4 mJ (100%) 1.4 mJ (40%) Plasma Gas Flow 16 L min-1
Repetition Rate Resolution Modes
(laser) MR
(solution) LR, MR, HR
Carrier Gas
Ablation Cell Volume
HR-ICP-MS SystemLaser Ablation System
213 nm
Parameters
100µm
10 Hz
He
30.0 mL
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abovementioned procedure (Section 4.5.1.1.1) and measured against a normal calibration 
(Section 4.5.1.1.2). The solutions were analyzed by HR-ICP-MS using the three mass 
resolutions using the parameters presented in Table 23. The rest of the samples were 
analyzed by LA-HR-ICP-MS with the optimized parameters described is Section 4.5.1.3. 
4.5.2.2   Sample preparation for laser ablation analysis 
The SRM NIST 1515 Apple leaves (National Institute of Standards and 
Technology, Gaithersburg, MD, USA), Cabbage control 4 (University of Utah sample), 
Control M (FIU sample) and the ashed marijuana samples were pressed into a pellets 
with a manual pellet press (CARVER, Inc., IN, USA) and a stainless steal 13 mm die.  
Pre ablation of the samples surface was done prior analysis to avoid any possible 
contamination from the press (Table 23). 
4.5.2.3   Discrimination analysis 
  The concentration obtained from the data processing was used to do an 
ANOVA/Pairwise Comparison with Tukey’s post hoc test (p< 0.05) to determine which 
pairs of means differed significantly. Pairwise Comparison with Tukey’s post hoc test it 
is a powerful tool for a large number of pair comparisons. For single comparisons of 
those indistinguishable pairs that were expected to be different a t-test of unequal 
variances was used. These statistical analyses has been previously reported for the 
discrimination of glass samples [6, 8]. 
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Table 24. Ashed marijuana samples: Plant component and location were confiscated. 
ID Component County State ID Component County State
245 L Santa Barbara CA 632 L Williamson IL
264 L Boone IN 372 L Lunenburg VA
301 L Washington MS 402 L Dickson TN
314 L Fulton IL 409 L Decatur TN
315 L Fulton IL 415 L Henry TN
331 L Franklin VA 428 L Fulton IL
333 L Maui HI 433 L Morgan CO
338 L Benton WA 434 L Lewis MO
339 L Marathon MI 453 L Wilson TN
352 L Decatur IN 456 L Smith TN
353 L Clatsop OR 458 L Cumberland TN
358 L Jackson MI 466 L Fulton IL
360 L Franklin IN 473 L Jefferson TN
366 L Clark IL 474 L Fentress TN
467 L McDonough IL 479 L Knox TN
482 L Wells IN 483 L Steuben IN
497 L Columbia OR 484 L Orange VT
524 L Lane OR 502 L Maui HI
568 L Dade MO 503 L Nodaway MO
569 M Hawaii HI 504 L Schoolcraft MI
570 L Marion OR 510 L Lake TN
576 L Coos OR 516 L Bennington VT
590 L Clackamas OR 518 L Morgan MO
600 L Jackson OR 529 L Massac IL
 L=Leaf 530 L Pope IL
 M=Mix of leaf and flower
 
4.6 Results and Discussion 
4.6.1   Solution based analysis 
The accuracy and precision of the solution based analysis for plant material was 
evaluated with the SRM NIST 1515. The accuracy of solution analysis was evaluated 
with ≤10% bias from the NIST certified value and a precision of ≤10% RSD. To evaluate 
the performance of the analysis only the certified elements were chosen for comparison. 
Table 25 presents typical results for solution based analysis of SRM NIST 1515. All the 
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certified elements showed to be within the acceptable parameters for accuracy, except Fe. 
Iron in plant matrices has shown low recoveries after open vessel digestion. The recovery 
of iron has been reported for the SRM NIST 1515 as low as 70% and seems to vary 
according to the plant type [197]. The recovery of iron also showed to affect the precision 
of the analysis having 20% RSDs.  Other elements with precision above the acceptable 
parameters were aluminum and barium with 17% and 14% respectively. The higher 
RSDs for Ba and Al has to do with the slightly enrichment of these elements in one of the 
replicates. Regardless the accuracy for these elements was good (<10% bias). The 
method for the analysis of plant material using the SRM NIST 1515 was evaluated 
successfully. 
 
Table 25. Results of accuracy and precision for solution based analyses of SRM NIST 
1515 
Isotope Concentration ± σ, µg g-1 Certified Value,  µg g-1 %Bias %RSD
25Mg 2626 ± 131 2710 ± 8 3 5
27Al 293 ± 50 286 ± 9 2 17
55Mn 55 ± 2 54 ± 3 1 4
57Fe 73 ± 15 83 ± 5 13 20
85Rb 9.7 ± 0.04 10.2 ± 1.5 5 5
88Sr 24.3 ± 0.9 25 ± 2 3 4
137Ba 50 ± 7 49 ± 2 4 14
208Pb 0.487 ± 0.040 0.470 ± 0.027 1 8
 
 
4.6.2   Recovery study 
For the recovery study the SRM NIT 1515 was submitted to ashing and digestion 
procedures to evaluate the recovery of the trace elements of interest in plant analysis. The 
idea is to evaluate the behavior of certain elements in ashed SRM since the marijuana 
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samples for this study are ashed. Since there is no ashed standard material for plants, the 
results with the ashed SRM will allow the evaluation of the digestion process with the 
marijuana samples analyzed by HR-ICP-MS.  
After the ashing procedure approximately ~20 mg of the SRM NIST 1515 was 
recovered. These samples were digested and measured to obtain the concentration.  The 
certified and non certified values provided by NIST were used to determine an estimate 
of the concentration of the analyzed elements in the ashed SRM NIST 1515. The 
estimated value then was used to assess the recovery of the trace element in the SRM 
determined by the %bias. 
Elements such as Sm, Ce, La, Ba, Sr, Rb, and Mg had a recovery between 97-
89%. Manganese, iron, cobalt, aluminum, vanadium, and chromium had a recovery 
between 81-69%. Boron, lead, and arsenic had a low recovery of 49%, 37%, and 35% 
respectively (Table 26). The low recovery of B, Pb and As was expected since these 
elements are volatile elements and they were may have been lost during the ashing 
procedure. The elements Cd, Th, and U were below the instrumental detection limits. 
Zinc showed a significant enrichment resulting in a recovery of 142% for 64Zn and 184% 
for 66Zn. The high recovery in Zn may be attributed to the fact that the calibration curve 
of the 64Zn and 66Zn had a correlation coefficient (R2) of 0.20485 and 0.11376 
respectively; therefore the results for this element can’t be accounted to evaluate the 
recovery. 
Since the expected concentration values in the ashes are not certified these results 
serve solely as reference when the SRM NIST 1515 is ashed and submitted to the same 
digestion procedure as the ashed marijuana samples. 
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4.6.3   Solution based analysis of ashed marijuana samples 
The ashes marijuana samples mentioned in Section 4.5.2.1 and the ashed SRM 
NIST 1515 were analyzed against a normal calibration curve described in Section 
4.5.1.1.2. The elements measured for quantification were determined based on the 
concentration of the trace element above the instrumental detection limits and the 
likeliness to be present in all marijuana samples. The elements measured for 
quantification and discrimination analyses were: 25Mg, 27Al, 55 Mn, 57Fe, 85Rb, 88Sr, and 
137Ba.  
Table 26. Results of the recovery study of the SRM NIST 1515. 
Isotope Concentration ± σ, µg g-1 aExpected Value, µg g-1 %Bias %RSD
11B 182 ± 24 373 51 22
25Mg 34339 ± 714 37467 8 2
27Al 3001 ± 71 3954 24 2
51V 2.6 ± 0.1 3.6 27 4
52Cr 2.9 ± 0.2 b4.1 30 7
55Mn 604 ± 14 747 19 2
56Fe 795 ± 25 1148 31 3
57Fe 838 ± 46 1148 27 5
59Co 0.92 ± 0.08 b1.2 26 9
64Zn 246 ± 40 173 42 16
66Zn 319 ± 52 173 85 16
75As 0.18 ± 0.09 0.53 65 49
85Rb 127 ± 1 141 10 1
88Sr 315 ± 10 346 9 3
111Cd c---- 0.18 c---- c----
137Ba 606 ± 23 677 11 4
139La 270 ± 41 b277 3 15
140Ce 46 ± 1 b41 11 3
152Sm 38 ± 2 b41 9 5
208Pb 2.4 ± 0.2 6.5 63 10
232Th c---- b0.41 c---- c----
238U c---- b0.08 c---- c----
aExpecetd value: mass proportion (~14) times the certified values provided by NIST
bExpecetd value: mass proportion (~14) times the non certified values provided by NIST
cBelow detection limits
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The concentration results for the above elements in the SRM NIST 1515 were 
used to assess the dissolution process of the ashed marijuana samples. The recoveries for 
these elements in the SRM NIST 1515 are presented in Table 27. The low recovery of 
lead was expected due to the lost of this volatile element during the ashing procedure. 
Due to the low recovery of lead and that most of the samples presented Pb concentrations 
below detection limits; this element was discarded from the discrimination element menu.  
 
Table 27. Results of the recovery of trace elements in ashed SRM NIST 1515 digested 
with the ashed marijuana samples 
Isotope Concentration ± σ, µg g-1 aEstimated Value, µg g-1 %Bias %RSD % Recovery
25Mg 28066 ± 4750 37467 25 17 75
27Al 3610 ± 848 3954 9 23 91
55Mn 514 ± 125 747 31 24 69
57Fe 945 ± 19 1148 18 2 82
85Rb 116 ± 21 141 18 18 82
88Sr 292 ± 55 346 15 19 85
137Ba 526 ± 144 677 22 27 78
208Pb 4.1 ± 0.7 6.5 37 17 63
aExpecetd value: mass proportion (~14) times the certified values provided by NIST
 
  
The concentration of the abovementioned elements for the samples and the SRM 
were used to carryout an ANOVA/Pairwise comparison with Tukey’s Post hoc test. The 
statistical analysis showed 24 indistinguishable pairs (Table 28) from which 3 pairs were 
comprised of samples that were confiscated in the same state but in a different county 
(453 & 510, 474 & 510, and 484 & 516). A t-test of unequal variances was used to 
corroborate the indistinguishable pairs. All the 24 pairs were distinguished by t-test, 
including those pairs with samples recovered from in the same state. Table 29 shows the 
results of the t-test for the pair 372 & 503. The specific geographical location where the 
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plants were grown will be necessary to confirm the differences found with this study. The 
discrimination order of the elements was: 55Mn > 88Sr > 137Ba > 85Rb > 27Al, 25Mg > 
57Fe.  
Table 28. Results of the ANOVA/Pairwise comparison: Indistinguishable pairs. 
Pair # Pairs Identification Pair # Pairs Identification
1 372 & 503 13 484 & 502
2 428 & 474 14 484 & 504
3 428 & 510 15 484 & 510
4 428 & 516 16 484 & 516
5 453 & 510 17 484 & 529
6 453 & 529 18 502 & 504
7 474 & 503 19 502 & 510
8 474 & 510 20 502 & 516
9 474 & 516 21 503 & 510
10 474 & 529 22 504 & 529
11 483 & 484 23 510 & 516
12 483 & 516 24 516 & 529
 
 
Table 29. Example of results of a t-test of unequal variances for the pair 372 & 503. 
Sample 25Mg 27Al 55Mn 57Fe 85Rb 88Sr 137Ba
44440 58 660 2374 16 1606 51
50680 276 757 2685 18 1719 56
28307 214 1422 756 3.4 1585 670
27724 189 1448 775 3.4 1495 652
t Statistics 6.2 -0.3 -14.4 11.3 13.5 1.7 -65.1
t Critical 12.7 12.7 12.7 12.7 12.7 4.3 12.7
372
503
 
4.6.4   Assessment of Ca as internal standard for LA analysis 
 The calcium concentration for the SRM NIST 1515 and for the ashed marijuana 
samples 524, 568, and 569 was determined with SEM/EDS. The analysis was evaluated 
with the SRM NIST 1515 to verify the accuracy of the calcium measurement. Table 30 
shows the results of accuracy and precision of the analysis for the SRM NIST 1515. The 
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accuracy and precision of Ca concentration was 20% and 12% respectively, which are 
acceptable result for this technique. The analysis then was validated. The Ca 
concentration in the ashed marijuana samples used for the laser ablation data processing 
was 21.75%wt (Table 30). Since the calcium content in the ashed plants was in the 
percentage level, a slight variation between samples’ Ca concentration will not affect 
significantly the results. 
Table 30. Results of the assessment of calcium in ashed marijuana samples for laser 
ablation data analysis. 
Sample Concentration of Ca, %wt Sample Concentration of Ca, %wt
NIST 1515-1 1.23 UT 524 22.71
NIST 1515-2 1.36 UT 568 23.09
NIST 1515-3 1.06 UT 569 19.44
Average, %wt 1.22 Average 21.75
StDev, %wt 0.15 StDev 2.00
%RSD 12.4 %RSD 9.2
Certified Value 1.53
%Bias 20
 
 
Table 31. Results of accuracy and precision for LA analysis of SRM NIST 1515. 
 
 
 
 
 
 
 
Isotope Concentration ± σ, µg g-1 Certified Value ± σ,  µg g-1 %Bias %RSD
25Mg 2682 ± 137 2710 ± 8 1 5
27Al 395 ± 5 286 ± 9 38 1
55Mn 55.3 ± 7 54 ± 3 2 12
57Fe 76.2 ± 3.3 83 ± 5 8 4
85Rb 9.4 ± 0.8 10.2 ± 1.5 8 8
88Sr 26.5 ± 0.8 25 ± 2 6 3
137Ba 51.9 ± 2.3 49 ± 2 6 5
208Pb 0.460 ± 0.064 0.470 ± 0.027 0.5 14
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4.6.5   Laser ablation analysis  
 The SRM NIST 1515 pellet was analyzed with the instrumental parameters in 
Table 23. Only the certified elements by NIST were used to assess the accuracy and 
precision of the analysis. Acceptable parameters of accuracy and precision for laser 
ablation analyses were ≤10%Bias and ≤15% RSD respectively. 
In terms of accuracy all elements except Al presented a bias of less than 10%, 
whereas in terms of precision all elements were within the acceptable parameters. 
Although there was a bias for the Al measurement, the precision was significantly lower 
than 15% RSD which may suggest there was a contamination with this element (Table 
31). Accurate and precise measurements of elements of interest in plant material were 
evaluated successfully by LA-HR-ICP-MS.  
4.6.6   Laser ablation analysis of ashed marijuana samples 
The laser ablation method developed for plant analysis was used to determine 
concentration of the elements Mn, Ni, Ba, Rb, Fe, Sr, Mg, and Pb in the SRM NIST 
1515, Cabbage control 4, Control M, and in the ashed marijuana samples. These elements 
were present in the ashed samples at concentrations above the detection limits, and are 
generally present in plants.  
All the samples were analyzed in three consecutive days; therefore the SRM and 
the control samples were analyzed each day to validate the analysis. The concentration of 
these elements then was used to do the discrimination statistical analysis 
(ANOVA/Pairwise comparison with Tukey’s Post hoc test with 95% of confidence 
level). Seventy-six pairs out of 1128 possible pairs were found to be indistinguishable 
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from which 49 were correctly identified (Table 32). These correctly identified pairs 
including ashed marijuana samples measured the on separate days (UT 524, NIST 1515, 
Control M, and Cabbage control 4) and a sample measured the same day as an unknown 
(UT 467). A t-test of unequal variances was performed to the 49 pairs correctly identified 
to confirm the results obtained by the ANOVA/Pairwise comparison. The t-test results 
showed that pairs: ControlMa & ControlMb, ControlMa & ControlMc were 
indistinguishable. The pair ControlMb & ControlMc was distinguished by t-test. 
Heterogeneity of the samples due mixture of leafs and flower may contribute with the 
differences found on the same sample analyzed in different days. Pairs UT467a1 & 
UT467a2 and pair UT524a & UT524c were indistinguishable by t-test. All the pairs of 
the SRM NIST1547 (NIST1547a & NIST1547b, NIST1547a & NIST1547c, and 
NIST1547b & NIST1547c) were undistinguished by t-test as well.  Some pairs of the 
SRM NIST 1515 were distinguished by t-test just by one element, magnesium. For some 
of the analyses the Mg concentration in the SRM NIST 1515 was determined with a bias 
higher than 10%. For the SRM NIST 1547 magnesium was determined with an accuracy 
of ≤10% bias. Although there was some discrimination between pair of samples from the 
same origin, the analysis was validated with the SRM NIST 1547, UT524, and UT467. 
Four pairs (UT315b2 & UT315c2, UT315b2 & UT315c1, UT315b1 & UT315c2, and 
UT315b1 & UT315c1) were distinguished by ANOVA/Pairwise comparison. The main 
reason for the discrimination has to do with the heterogeneity of the powdered ashed 
material. A better homogenization of the ashed marijuana samples, such as in the 
abovementioned case, may reduce the differences in elemental composition when 
analyzed as unknown blinds.  
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The other 27 indistinguishable pairs (Table 33), which were expected to be 
different in terms of elemental composition, were distinguished by t-test of unequal 
variances. Table 34 shows the results of one of the t-test analysis performed to one of the 
indistinguishable pairs incorrectly associated by ANOVA/Pairwise comparison.  
In this analysis the most discriminant element resulted to be Ni whereas the least 
discriminant was Mg. The discrimination order of elements was as follow: 60Ni > 208Pb > 
55Mn > 85Rb > 56Fe > 88Sr, 137Ba > 25Mg. The discrimination order may vary with the 
plant type since some plants may have tendencies to accumulate more elements than 
others.  
 
Table 32. Results of the ANOVA/Pairwise comparison: Indistinguishable pair correctly 
identified. 
Pair # Pairs Identification Pair # Pairs Identification
1 Control Ma &Control Mb 26 NIST 1515a3 & NIST 1515b1
2 Control Ma & Control Mc 27 NIST 1515a3 & NIST 1515b2
3 Control Mb & Control Mc 28 NIST 1515a3 & NIST 1515b3
4 Cabbage Control4a & Cabb Contro4b 29 NIST 1515a3 & NIST 1515c1
5 Cabbage Control4a & Cabb Contro4c 30 NIST 1515a3 & NIST 1515c2
6 Cabbage Control4b & abb Control c 31 NIST 1515a3 & NIST 1515c3
7 UT 315b1 &UT 315b2 32 NIST 1515b1 & NIST 1515b2
8 UT 315c1 & UT 315c2 33 NIST 1515b1 & NIST 1515b3
9 UT 467a1 & UT 467a2 34 NIST 1515b1 & NIST 1515c1
10 UT 524a & UT 524c 35 NIST 1515b1 & NIST 1515c2
11 NIST 1515a1 & NIST 1515a2 36 NIST 1515b1 & NIST 1515c3
12 NIST 1515a1 & NIST 1515a3 37 NIST 1515b2 & NIST 1515b3
13 NIST 1515a1 & NIST 1515b1 38 NIST 1515b2 & NIST 1515c1
14 NIST 1515a1 & NIST 1515b2 39 NIST 1515b2 & NIST 1515c2
15 NIST 1515a1 & NIST 1515b3 40 NIST 1515b2 & NIST 1515c3
16 NIST 1515a1 & NIST 1515c1 41 NIST 1515b3 & NIST 1515c1
17 NIST 1515a1 & NIST 1515c2 42 NIST 1515b3 & NIST 1515c2
18 NIST 1515a1 & NIST 1515c3 43 NIST 1515b3 & NIST 1515c3
19 NIST 1515a2 & NIST 1515a3 44 NIST 1515c1 & NIST 1515c2
20 NIST 1515a2 & NIST 1515b1 45 NIST 1515c1 & NIST 1515c3
21 NIST 1515a2 & NIST 1515b2 46 NIST 1515c2 & NIST 1515c3
22 NIST 1515a2 & NIST 1515b3 47 NIST 1547a & NIST 1547b
23 NIST 1515a2 & NIST 1515c1 48 NIST 1547a & NIST 1547c
24 NIST 1515a2 & NIST 1515c2 49 NIST 1547b & NIST 1547c
25 NIST 1515a2 & NIST 1515c3
(a): day 1, (b): day 2, and (c): day 3
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Table 33. Results of the ANOVA/Pairwise comparison: Indistinguishable pair incorrectly 
identified.  
Pair # Pairs Identification
1 Cabb Control4a & NIST 1515a1
2 Cabb Control4a & NIST 1515a2
3 Cabb Control4a & NIST 1515a3
4 Cabb Control4a & NIST 1515b1
5 Cabb Control4a & NIST 1515b2
6 Cabb Control4a & NIST 1515b3
7 Cabb Control4a & NIST 1515c1
8 Cabb Control4a & NIST 1515c2
9 Cabb Control4a & NIST 1515c3
10 Cabb Control4b & NIST 1515a1
11 Cabb Control4b & NIST 1515a2
12 Cabb Control4b & NIST 1515a3
13 Cabb Control4b & NIST 1515b1
14 Cabb Control4b & NIST 1515b2
15 Cabb Control4b & NIST 1515b3
16 Cabb Control4b & NIST 1515c1
17 Cabb Control4b & NIST 1515c2
18 Cabb Control4b & NIST 1515c3
19 Cabb Control4c & NIST 1515a1
20 Cabb Control4c & NIST 1515a2
21 Cabb Control4c & NIST 1515a3
22 Cabb Control4c & NIST 1515b1
23 Cabb Control4c & NIST 1515b2
24 Cabb Control4c & NIST 1515b3
25 Cabb Control4c & NIST 1515c1
26 Cabb Control4c & NIST 1515c2
27 Cabb Control4c & NIST 1515c3
(a): day 1, (b): day 2, and (c): day 3
 
 
Table 34. Example of a t-test for one of the indistinguishable pairs incorrectly identified 
by ANOVA/Pairwise comparison test. 
Sample 25Mg 55Mn 56Fe 60Ni 85Rb 88Sr 137Ba 208Pb
NIST 1515a1 3443 51 78 0.98 9.0 25 41 0.42
3409 55 75 0.84 9.1 27 52 0.43
3404 51 74 1.1 9.4 27 57 0.50
3436 55 a---- a---- a---- a---- a---- a----
Cabb Control 4a 1456 9 27 0.29 7.0 42 1.2 0.012
1628 16 30 0.36 11 41 1.2 0.039
1202 15 31 0.27 8.7 45 1.3 0.023
a
---- 10 a---- a---- 6.9 a---- a---- 0.018
t Statistics 16.1 19.8 27.9 9.2 0.9 -12.3 10.2 15.7
t Critical 4.3 2.6 2.8 3.2 3.2 3.2 4.3 4.3
a
 Outilers
 
 141 
4.7 Conclusions 
 An analytical method for the analysis of plant material was developed for solution 
and laser ablation ICP-MS. The analytical method provided with accurate and precise 
results allowing to trustfully using elemental composition for possible discrimination of 
plants of different origins. 
 Trace elements then were used to develop a strategy using statistical analysis to 
determine differences between marijuana plants allegedly from of different origin. The 
discrimination element menu for solution and laser ablation analyses was similar 
although in laser ablation there were more elements. The differences in the element menu 
derived from the specific conditions of the dissolution and the laser ablation processes. 
For example in solution analyses Ni and Pb were below instrumental detection limits 
whereas in laser ablation these elements were detected with a precision of <10% RSD.  
 There was discrimination by t-test of some pairs comprised of the same sample 
measured as blind unknown. Some of the SRM NIST 1515 pairs were not discriminated 
by t-test and some did. The SRM NIST 1515 pairs were discriminated only by the 
magnesium concentration. The SRM NIST 1515 was measure three times the same day in 
three consecutive days. The magnesium concentration for some of the samples was not 
accurate with respect to the certified value. On the other hand the SRM NIST 1547 was 
measured one time in each of the three days and all the possible combination pairs of this 
reference material were indistinguishable by ANOVA/Pairwise comparison and by t-test. 
Other pairs of the same samples were not distinguished by ANOVA/Pairwise comparion 
but were discriminated by t-test. The heterogeneity of the ashed marijuana samples and 
the ControlM may have contributed to the discrepancies in the discrimination of 
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themselves when measured as unknown blinds. Regardless, the use of elemental 
composition proved to provide some discrimination of plants from different origin. 
Knowing the geographical origin of the marijuana plants will provide with a better 
interpretation of the discrimination results for both solution and laser ablation analyses. 
This study opens the possibilities of utilizing elemental composition in forensic 
laboratories for determining the origin of illegal plants such as marijuana.   
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5 CONCLUSIONS AND RECOMMENDATIONS 
 The use of ICP-MS has demonstrated to be an excellent tool for elemental 
analysis determinations in matrices such as glass, bones, teeth, and plant material. The 
capabilities of the quadrupole (equipped with a dynamic reaction cell) and the high 
resolution ICP-MS systems were compared for the analysis of Fe which is a good 
discriminant element to associate glass and a good candidate for discrimination of bone, 
teeth, and plant matrices of the same origin. The resolution of the polyatomic 
interferences of Fe in glass was achieved by using the high resolution instrument or by 
chemical means using the dynamic reaction cell. Method detection limits as low as ~0.03 
µg g-1 and 0.14 µg g-1 for laser ablation and solution analyses respectively were achieved 
with the optimal settings for both ICP-MS systems. The capability of resolving the 
polyatomic interferences of iron by either a high resolution instrument or a quadrupole 
with dynamic reaction cell, allows the use of iron in elemental analysis not only for glass 
discrimination but potentially for other matrices such as bone, teeth and plan material.  
 Bones and teeth are matrices of interest for the forensic scientists due to the 
potential information that they can offer about an individual. Evaluating the dietary habits 
of an individual or population, discrimination between individuals, and the association of 
an individual to a specific geographical location are the primary applications of elemental 
composition in the abovementioned matrices, although most of the time the elemental 
analysis is based solely in light and heavy isotope ratios.  
Trace elements in bones and teeth may also provide with complementary 
information to associate or discriminate between individuals. Elemental composition of 
trace elements could be especially useful in the separation of commingled human remains 
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in massive burials. An analytical method for the elemental analysis of bones and teeth 
samples was developed providing accurate and precise results for the bone SRM NIST 
1486 and NIST 1400 for solution and laser ablation analyses.  The possibility of 
suppression of the trace elements due to the high calcium and phosphorus content in bone 
matrix was evaluated to determine the reliability of using elemental composition for 
discrimination purposes. There were indications of a slight suppression for some trace 
elements but it did not affect significantly the accuracy and/or precision of the trace 
elements analyzed by ICP-MS. Thus the trace elements determinations by ICP-MS were 
valid and reliable. Two digestion procedures were compared and it was found that the 
open vessel seems to provide more accurate results for some elements when compared 
with microwave digestion. For all the other elements both procedures provided with 
similar results.  
For laser ablation analyses, calcium was evaluated in the bone samples to be used 
as internal standard. The calcium concentration in the different bone samples was around 
21%, which is close to the concentration in the SRM NIST 1486. Therefore the calcium 
was used as internal standard for laser ablation data processing. It was of great 
importance to find an internal standard present almost uniformly in the matrix, especially 
since the bone samples should not be ground because it will mix the diagenic and 
biogenic signals.  
A laser ablation method was developed by means of accuracy and precision of the 
SRM NIST 1486 measurements under different experimental parameters. The optimal 
instrumental parameters (laser and ICP-MS instruments) were found to be single spot 
analysis at 10 Hz repetition rate, with a spot size of 100µm and helium as carrier gas. 
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Additionally, the crater morphology and an estimate of the mass ablated were determined 
using the optimized laser ablation parameters. The crater morphology on the SRMs NIST 
612 (glass matrix) and NIST 1486 (bone meal), and a bone fragment was evaluated with 
SEM images. Measurements of the craters dimensions and the density of the materials 
allowed estimating the ablated mass. Although the three samples (NIST 612, NIST 1486 
and the compact bone fragment) had different densities, the estimated ablated mass was 
very similar for all of them when ablated under the same conditions (~8-12 µg). 
One of the most significant findings of this study includes the possibility of 
assessing the biogenic signal in buried bone samples when information of the 
environmental conditions where the samples were buried is not provided. In order to 
evaluate the biogenic and the diagenetic signal regions in the bone fragments, different 
areas of the sample were analyzed in terms of elemental composition to determine where 
the concentration signal was stabilized. The stability of the signal suggested this area as 
the one with the biogenic signal. The middle layers of the bone fragments showed the 
most stable signal for the elements analyzed. The biogenic signal was also confirmed by 
taking Ca/P ratio measurements of the middle layers of the bone fragments. This ratio can 
indicate changes in the hydroxyapatite suggesting the area was affected by diagenesis. 
The middle layers of bone fragments showed a Ca/P ratio within the normal values of 
unchanged hydroxyapatite confirming the biogenic signal. This new approach to assess 
biogenic signal with LA-HR-ICP-MS provides with a fast and accurate elemental 
analysis that can ease the separation process of human remains in cases where no 
environmental conditions are known. 
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The optimized laser ablation parameters were used to determine the elemental 
composition of bones and teeth samples. The elemental composition was used to carryout 
statistical discrimination analyses to determine the potential use of trace elements to 
separate samples from different origin and to correctly associate samples from the same 
origin.  In the case of bones, samples from the same individual were associated in groups 
when only femur or humerus bones were considered separately for discrimination. There 
was no separation of individuals when both humerus and femur bones were considered. 
These results revealed the importance of sampling and comparing the same anatomical 
area since different bones may be exposed to different growing conditions that may affect 
the elemental composition even within bones of the same individual.  Additional studies 
including analyzing more samples and a heterogeneity study of the elemental 
composition of different parts of the skeleton may help to assess which bones are more 
suitable for elemental analysis and provide even more discrimination. 
The elemental composition of the different layers in teeth showed differences in 
the concentration for some elements. When the elemental composition of the whole tooth 
was used for the separation of the individuals, there was more overlap between 
individuals that when the elemental composition of the tooth layers was considered 
individually. The mixed elemental composition in whole teeth may contribute to the 
discrepancies found in teeth samples from the same individual. Analysis of more samples 
teeth samples and the assessment of variation in elemental composition on teeth of the 
same individual will help to better interpret the results found in this study. 
 The study also contributed to the scientific community with an analytical method 
capable of separating plant materials allegedly from different origin. Accurate and precise 
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results were obtained for the SRM NIST 1515 with regular dissolution ICP-MS and with 
LA-ICP-MS. The use of LA-HR-ICP-MS makes the method suitable for a fast and 
accurate elemental analysis; which will help to speed up the discrimination process in a 
forensic laboratory without consuming the evidence. Marijuana ashed samples 
presumably form different origins were discriminated based on elemental analysis in 
solution and with LA. For laser ablation analyses the samples and most of reference 
materials measured the same day or different days as unknown blinds were correctly 
associated with themselves by ANOVA/Pariwise comparison and with t-test of unequal 
variances. Pairs expected to be different and were associated by ANOVA/Pairwise 
comparisons test were separated apart by further statistical analysis with a t-test. As with 
bone samples it is important to compare elemental composition of plants of the same 
species and the same plant component to avoid mixing elemental composition signature 
that may lead to incorrect discriminations or association of plants. Knowing the specific 
origin where the plants were grown is necessary to better interpret the discrimination 
results found in this study, thus the source of the differences is still undetermined. This 
method opens the possibility of including elemental analysis for the separation of plant 
materials, especially in law enforcement cases when dealing with marijuana plants.  
 This research and further work will offer forensic scientists with the option of 
including a fast and easier elemental analysis than isotope ratios for the discrimination of 
bones, teeth and plant materials using LA-HR-ICP-MS.  
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Abstract.  Forensic laboratories routinely conduct analysis of glass fragments to 
determine whether or not there is an association between a fragment(s) recovered from a 
crime scene or suspect to a particular source of origin. The physical and optical 
(refractive index) properties of the fragments are compared and, if a “match” between 
two or more fragments is found, further elemental analysis can be performed to enhance 
the strength of the association. A range of spectroscopic techniques have been used for 
elemental analysis of this kind of evidence, including Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS). Due to its excellent sensitivity, precision and accuracy, several 
studies have found that ICP-MS methods (dissolution and laser ablation) provide the best 
discrimination between glass fragments originating from different sources. Nevertheless, 
standard unit resolution ICP-MS instruments suffer from polyatomic interferences 
including 40Ar16O+, 40Ar16O1H+, and refractory oxide 40Ca16O+ that compromise the 
measurement of trace levels of Fe56+ and Fe57+, for example. This represents a drawback 
for the analysis of glass fragments because iron has been previously identified as a good 
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discriminating element. Currently, there are several techniques available that allow for 
the reduction of such interferences. However, there is no existing data that compares the 
detection limits of iron in glass using those techniques. 
The aim of this study is to perform a comparison of analytical performance of a 
standard quadrupole ICP-MS coupled to a Dynamic Reaction Cell (DRC-ICP-MS) and 
High Resolution Sector Field Inductively Coupled Plasma Mass Spectrometry (HR-SF-
ICP-MS) for iron analysis in glass with respect to the method detection limits (MDL), 
accuracy, and precision. Analyses were conducted using conventional acid digestion and 
laser ablation methods. For laser ablation analyses a comparison of carrier gases was 
performed to asses the effect on the detection limits in the detection of iron isotopes. Iron 
polyatomic interferences were reduced or resolved by using dynamic reaction cell and 
high resolution ICP-MS. MDLs as low as 0.03 µg g-1 and 0.14 µg g-1 were achieved in 
laser ablation and solution based analyses respectively. The use of helium as carrier gas 
demonstrated improvement in the detection limits of both iron isotopes in medium 
resolution for the HR-SF-ICP-MS and with DRC in the quadrupole ICP-MS system. 
 
Keywords: glass, elemental analysis, DRC-ICP-MS, HR-SF-ICP-MS, forensic 
 
Introduction 
The fragile nature of glass and its abundance in our surroundings make this 
material a very common type of evidence found in crime scenes such as hit-and-run 
accidents, burglaries, shootings, and other violent crimes. Vehicle windows, architectural 
windows, headlamps and containers represent the major sources of glass evidence. 
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Forensic examiners typically begin by screening the evidence by measuring physical and 
optical properties such as color, thickness, fluorescence, microscopic examination and 
refractive index [1-12]. If a match between known and questioned fragments is found in 
this preliminary stage, elemental analysis is typically conducted in order to improve the 
discrimination value of the analysis. When two or more fragments share a common 
elemental profile, they can be considered to originate from the same source of 
manufacturing origin and provide strong scientific evidence to associate a person to an 
event or two objects to each other. Fragments that are found to differ by elemental 
content can be determined to originate from different manufacturing sources and also 
provide useful information to the court or investigators. 
A variety of trace elemental analysis techniques have been used for this purpose, 
including Atomic Absorption (AAS) [13-15], X-ray Fluorescence (XRF) [16, 17, 19], 
Neutron Activation (NAA) [18], Scanning Electron Microscopy with Energy Dispersive 
X-Ray Detection (SEM-EDX) [19, 20], Inductively Coupled Plasma Atomic Emission 
Spectrometry (ICP-AES) [8,11, 21-24] and Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) [25-28]. Each technique has its own advantages and 
shortcomings. ICP-MS has been shown to be the most effective analytical method for the 
comparison of trace elements in small glass fragments due to its multi-element capability, 
excellent sensitivity, high sample throughput and the capability to provide isotopic 
information. 
The physical evidence, especially trace evidence sometimes could provide with a 
significant breakthrough on a criminal investigation by linking an individual to the crime. 
This trace evidence is often in the sub-microscopic level (typically 0.1-1mm) and needs 
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to be carefully analyzed in reliable way without been destroyed to be presented in a court 
of law. Although conventional digestion methods for ICP-MS have been shown to be 
excellent tools for elemental analysis of glass, they have the disadvantage of requiring the 
dissolution of the sample, therefore destroying it prior to introduction to the ICP-MS and 
increasing the contamination risk. During the last two decades, laser ablation (LA) has 
increasingly been used and preferred as a sample introduction method in forensic 
laboratories due to the advantages it offers over dissolution of the glass prior to analysis 
[29-32]. The most significant advantages of LA sampling technique include the capability 
of doing spatial resolution and in situ spot analysis, small sample consumption, reduction 
in sample preparation time, shortened analysis time, and a reduced risk of contamination. 
These advantages make LA a suitable sampling technique for the analysis of trace 
evidence such as glass and paint in forensic cases.  
Variations in elemental profiles within glass populations are due to differences in 
elemental composition of the raw materials used and/or those contributed by the 
manufacturing processes. Although some of the raw materials used in glass 
manufacturing are relatively pure, a glass product may contain impurities, such as iron 
oxide, that could produce undesirable color and alter furnace temperatures. Only one-
part-per-thousand of iron oxide in sand can impart a green color on the glass and 
therefore manufacturers usually use decoloring agents to remove or mask the tint. Iron 
oxide is typically present at concentrations that range from 0.07 to 0.16% wt in float 
glass, 0.03 to .015 %wt in containers, 0.05% wt in borosilicate glass, and 0.01%wt in lead 
crystal glass while in optical and insulating lead glasses, iron oxide content is reduced to 
trace levels [33]. 
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The elements used for the discrimination of glasses by ICP-MS had been critically 
selected from previous studies in which precision, accuracy and discrimination potential 
of these elements were evaluated at major, minor and trace levels [25, 26]. Iron has been 
identified in previous studies as an excellent discriminating element and it has been 
successfully used for classification and discrimination of glasses by X-ray fluorescence 
[8, 16, 34] and ICP-AES [8, 34]. Nevertheless, the concentration of iron in some glass 
populations may be close to or lower than the limits of detection of XRF and ICP-AES. 
Although standard ICP-MS methods provide better sensitivity than the aforementioned 
techniques, the analytical performance of iron represents a challenge due to inherent 
interferences. In 2000, Duckworth et al. reported that elements measured by ICP-MS 
without good bias (≤10%) and precision (≤10%RSD) were closely inspected before using 
them as discriminating elements in a database for float glass. In this study iron presented 
a bias and precision higher than 10% [6]. The poor precision and accuracy of iron 
measurements in glass standards do not allow its use in glass databases and limits its use 
in casework. 
The analytical challenges of iron in glass by ICP-MS are the result of polyatomic 
isobaric interferences such as 40Ca16O+ and 40Ar16O+ on 56Fe+, and 40Ca16O1H+, 
40Ar16O1H+, and 41K16O+ on 57Fe+, respectively. Fortunately, there are several ICP-MS 
techniques capable of resolving polyatomic interferences. These interferences can be 
suppressed by using either DRC or HR respectively [35-37]. A solution based analysis 
using DRC-ICP-MS reports a comparison of MDLs in 2% HNO3, in rain water/ 
HNO3/HF matrix and the reporting limits generated by Frontier Geosciences Laboratories 
(Seattle, WA) with detection limits as low as 9 ng L-1 for the 2% HNO3 and 383 ng L-1 in 
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the rainwater sample [38]. Balcaen et al. performed determinations of Fe in AgNO3 
solutions with isotope dilution using the DRC-ICP-MS with NH3 as a reactant gas.  They 
reported lower iron detection limits with the isotope dilution (0.013 µg g-1) than with 
external calibration (1.2 µg g-1) [39]. In 2001 Günther et al. reported a comparison of 
detection limits of 56Fe+ and 57Fe+ using the standard (STD) mode and the DRC mode 
with hydrogen and neon as reactant and buffer gases, respectively for laser ablation 
experiments. The limits of detection were determined for a spot size of 40µm using the 
gas blank and the ablation of the SRM NIST 610 glass. In that study, the limits of 
detection were improved from 5.9 µg g-1 in STD mode to 2.1 µg g-1 using DRC mode for 
57Fe+, while for 56Fe+ the limits of detection were reported to be 0.3 µg g-1 [40].   
A study of trace elements in quartz by LA-HR-ICP-MS using an external 
calibration with the three SRMs NIST 612, NIST 614, and NIST 616 reported limits of 
detection for 56Fe+ of 2.6 µg g-1 in medium mass resolution [41]. Iron detection limits on 
the order of pg g-1 were reported for analyses of water, plant, tissue, and rock samples in 
medium mass resolution by a HR-SF-ICP-MS. The MDLs for iron in oyster tissue/tomato 
leaves and rock sample digestion blanks were reported to be 113 pg g-1 and 3940 pg g-1 
for 56Fe+, and 580 pg g-1 and 10600 pg g-1 for 57Fe+ respectively [42]. 
Although there are reports of iron detection limits with both ICP-MS systems, at 
the present there is no existing data that compares the detection limits for 56Fe+ and 57Fe+ 
in glass samples using those techniques utilizing both laser ablation and solution 
introduction methods. The capability of resolving or reducing the iron polyatomic 
interferences by using the DRC and  high resolution systems will allow for a more 
optimized use of Fe for the discrimination of glass samples.  
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This work was conducted to evaluate the method detection limits (MDL) that can 
be achieved for Fe using different ICP-MS systems (Quadrupole, Dynamic Reaction Cell 
and High Resolution) for solution and laser ablation sampling introduction methods of 
glass standard reference materials (SRMs). This work includes the assessment of 
precision and accuracy for iron measurements to evaluate the possibility of including iron 
in routine forensic analyses of glass samples by ICP-MS.  
 
Experimental 
Laser Ablation Analyses. Glass standard reference material (SRM) NIST 612 (National 
Institute of Standards and Technology, Gaithersburg, MD, USA) was used for laser 
ablation analyses with both ICP-MS systems using all configurations. SRM NIST 610 
(National Institute of Standards and Technology, Gaithersburg, MD, USA) and the FGS 
glass standards, described elsewhere [43] , were used as external calibrators for some 
experiments using a NewWave UP 213 laser ablation system (Fremont, CA, USA) and 
argon as the carrier gas. Method detection limits were calculated for 56Fe+ and 57Fe+ using 
SRM NIST 612. Standard reference materials (SRMs) NIST 1831, NIST 614 and the 
FGS standards were analyzed to evaluate the accuracy and precision of the method. For a 
proper assessment of LA experiments using the ELEMENT 2 high resolution ICP-MS 
(Thermo Electron Co. Bremen, Germany) and the ELAN DRC II (PerkinElmer, LAS, 
Shelton, CT, USA), other SRMs were used in place of SRM 612 since the former was 
used as an external calibrator in the data reduction analyses. For practical purposes only 
the results of the SRM FGS1 will be presented for all the laser ablation ICP-MS systems. 
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The total analysis time was of approximately 170 seconds. During the first 55 
seconds the laser was blocked (via the use of a shutter) and the signal of the “blank” was 
acquired in order to account for the background level. The laser was then fired for 60 
seconds, but only the middle-latter 40 seconds of the ablation signal were used for 
measurements due to the inherent instability caused when the laser first interacts with a 
sample.  Following these 60 seconds the laser was turned off and the signal was recorded 
for an additional 55 seconds to purge any signal carryover between samples. Seven 
sample replicates of either SRM NIST 612 on two non-consecutive days were used to 
determine the MDLs of LA analyses. Figure 1 shows the transient signal of 56Fe+ during a 
typical analysis. The Glitter software (GLITTER, GEMOC, Macquarie University, 
Australia) was used for data reduction to determine concentration and the MDLs. Glittter 
software enables plotting the transient signal collected from the LA analysis and to select 
the background and signal intervals for data reduction. To determine the concentration 
the Glitter software uses Equation 1, where concni is the concentration of element i in 
analysis n, cpsnij is the mean count rate (background subtracted) of isotope j of i in 
analysis n, abundancej is the natural abundance of isotope j, and yieldni is the cps per ppm 
of element i in analysis n. The yieldni is calculated using Equation 2, where yieldns is the 
cps per ppm of the internal standard s in analysis n, Int(yieldni/yieldns)std is the ratio of the 
yield of element i in analysis n to the yield of the internal standard s in analysis n 
interpolated over the standard analyses.  
               )yield/()abundancecps(conc nijnijni =         Eq.1 
   
std
nsninsni )yieldyield(Int*yieldyield =         Eq.2 
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Glitter software uses Equation 3 to calculate the limits of detection with 99% 
confidence level based on Poisson counting statistics. In the Equation 3 B is the total 
counts in the background interval.  
Eq. 3 
 The LA data analysis were performed using SRM NIST 612, SRM 610 or SRM 
FGS2 as a single point external calibrator. For all the analytical determinations 29Si was 
used as the internal standard, except for the DRC experiments where 24Mg was chosen as 
the internal standard. 
The glass SRMs were rinsed with high purity deionized water and dried overnight 
prior the LA analysis 
 
Solution Analyses.  High purity standards (CPI International, Santa Rosa, California, 
USA) were used for the preparation of the external calibration curves. Optima grade 
nitric acid (HNO3), hydrofluoric acid (HF), hydrochloric acid (HCl) [Fisher Scientific 
Pittsburg, USA], and high purity deionized water (>18MΩcm-1) was used for samples 
dilutions, and for the preparation of the calibration curve solutions. Rhodium was used as 
an internal standard for all solutions analyzed.  
Standard reference materials (SRMs) NIST 612, NIST 1831, NIST 614 (National 
Institute of Standards and Technology, Gaithersburg, MD, USA), and the standards FGS1 
and FGS2 were digested following the ASTM E2330-04 standard method for trace 
elemental analysis of glass using ICP-MS to determine the accuracy and precision of the 
analysis [27]. 
 
2B* 2.3 = MDL
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The samples were washed first in methanol for 10 minutes, then with HNO3 1.6 
mol L-1 for 30 minutes, followed by rinsing with high purity water (>18 MΩ cm-1). After 
rinsing, they were left to dry overnight. Glass samples were crushed and weighed to 
approximately 2 mg ± 1 µg into 5 mL polypropylene tubes. Trace elemental grade 
(optima grade) nitric (HNO3), hydrofluoric acid (HF) and hydrochloric acid (HCl) [Fisher 
Scientific Pittsburg, USA] were used for the digestion of glass. Samples were sonicated 
for 2 hours before the drying process into the dry heater block (Dry Digital Bath 
Incubator, Boekel Scientific, Feasterville, PA, USA). After the samples were taken to 
complete dryness, they were reconstituted with 0.8 mol L-1 HNO3, the internal standard 
and high purity water. Dilutions of the reconstituted digested glass samples were 
prepared and measured along with seven reagent blanks that were treated in the same way 
as the glass samples.  
The calibration curves were prepared from single element high purity standards 
(1000 µg g-1) [CPI International, Santa Rosa, California, USA].  Rhodium was added as 
internal standard to a final concentration of 3 ng g-1, 3 ng g-1 and 50 ng g-1 for the HR-SF-
ICP-MS, DRC mode ICP-MS and standard mode ICP-MS calibration curves 
respectively. Calibration curves had seven calibration points in a range of 0-10 ng g-1 for 
the ELEMENT 2 and ELAN DRC Mode, and from 0-100 ng g-1 for ELAN STD mode 
analyses. Two control verification checks (at 3 and 5 ng g-1 for ELEMENT 2 and ELAN 
DRC mode and at 7 and 25 ng g-1 for the ELAN standard mode) were run with samples in 
order to evaluate drift and precision over time. All sample preparations and analyses were 
performed in a normal laboratory environment. 
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The glass samples were measured against an external calibration curve. The 
intensities (cps) for the standards and samples were normalized to the rhodium (internal 
standard) signal (cps). A linear regression line was determined from the plot of the 
normalized signal (cps) against the concentration of the correspondent standard and the 
concentrations in the samples were determined by using the slope and intercept of this 
equation. 
The iron MDLs on solution analyses of SRM NIST 612 were determined by using 
the standard deviation of the blank’s signal and the slope of the calibration curve. MDLs 
were determined with at least 7 replicates of reagent blanks measured in two non-
consecutive days in order to account for inter-day variations.  
In order to compare the MDLs obtained from laser and solution work, the MDLs 
for solution are referred to the concentration on glass assuming and average weight of 
2mg of glass diluted into 4mL after acid digestion [27]. Therefore, MDL obtained in µg 
L-1 were multiplied by a factor of 2 to be reported in µg g-1 on glass. 
 
Precision and accuracy of LA and solution analyses. The accuracy of the analyses 
was determined by comparing the SRMs NIST 612, NIST 1831, standards FGS1 and 
FGS2 experimental values of iron with the certified and/or consensus values. Precision 
was determined by calculating the relative standard deviation (%RSD) of 5 sampling 
replicates on each glass sample. The method was evaluated with an accuracy of ≤10% 
bias from the consensus or certified value, and a precision of ≤10% RSD. 
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Instrumentation 
Laser systems.  Two different Nd:YAG laser units were used for this work: 1) a 
New Wave UP- 213 operating at 213nm (New Wave Research, Fremont, CA, USA) and 
2) a CETAC LSX 200+ (CETAC Technologies, Omaha, NE, USA) operating at 266nm. 
Laser ablation parameters are further described in Table 1.  The laser ablation systems 
were operated under different parameters using both helium and argon as a carrier gas, 
and different ablation cell volumes. The experimental parameters were optimized for 
each system.  
 
ICP-MS systems. The ICP-MS instruments used for this study were an ELAN DRC 
II ICP-MS (PerkinElmer, LAS, Shelton, CT, USA) and a HR-SF-ICP-MS 
ThermoFinnigan ELEMENT 2 (Thermo Electron Co. Bremen, Germany). The DRC-ICP-
MS was equipped with a quartz cyclonic spray chamber and a concentric tube pneumatic 
nebulizer. The sample intake rate into a concentric nebulizer and cyclonic spray chamber 
was 1 mL min-1 An ASX 510 autosampler (CETAC Technologies, Omaha, NE, USA) 
was coupled to the ICP-MS for the solution analyses. For laser ablation analyses, the 
laser systems were connected to the torch intake of the ICP-MS. The DRC-ICP-MS was 
operated in STD mode and DRC mode. The removal of 56Fe+ polyatomic interferences 
was achieved by using methane as a reactant gas in the DRC mode. Methane is often 
used as reactant gas for the removal Fe interferences [44-45]. Preliminary results in our 
laboratory showed better sensitivity on the detection of 56Fe+ with methane as reactant 
gas.  The removal of the refractory interference CaO+ was improved significantly with 
methane than with other gases in glass matrix. It seems that methane works better for the 
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removal of 56Fe+ interference CaO+ in Ca –rich matrices. Additionally for safety reasons 
it is more convenient to work with methane than with ammonia gas. For solution analyses 
the HR-SF-ICP-MS sample introduction setup included a quartz cyclonic spray chamber 
with a microflow PFA-ST nebulizer (400 µL min-1 intake flow) [ESI Scientific, NE, 
USA] and a 1.5 mm quartz injector connected to a quartz torch CD-type for removable 
injector (ESI Scientific, Omaha, NE, USA). The laser systems were connected to a 1.75 
mm quartz injector inserted into the torch. The HR-SF-ICP-MS system was used in the 
three mass resolutions available: low (R~ 300), medium (R~ 4000) and high (R~10000). 
Before conducting each experiment, the instruments were optimized for 
sensitivity (maximum counts per second) and for doubly charged species (≤3%) and 
oxides (≤0.3%). An additional optimization in LA analyses of the ratio U/Th on SRM 
612 was also conducted as a measure of fractionation levels (with ~1 ± 0.2 determined to 
be acceptable).  
 
Results and Discussion 
Three main ICP-MS configurations were used to evaluate the method detection 
limits of iron in glass analysis: ICP-MS STD mode, ICP-MS DRC mode and HR-SF- 
ICP-MS, where the latter two were used to reduce the polyatomic interferences 
associated with Fe measurements. MDLs were evaluated with laser ablation and solution 
modes since these are the two major sampling introduction methods routinely used in 
forensic laboratories for elemental analysis. Two laser systems were operated with 
helium and argon separately as carrier gases in order to account for the effects of laser 
wavelengths on the sensitivity. The ablation process and the efficiency of particles 
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transportation into the ICP-MS are important factors affecting the sensitivity and limits of 
detection. It is been reported that the use of helium as carrier gas have improved the 
sensitivity and limits of detection of several trace elements [46-47]. Table 1 shows the 
experimental parameters used for each ICP-MS configuration.   
Both isotopes 56Fe+ and 57Fe+ were analyzed, however the target isotope in this 
study was 56Fe+ since it has a greater abundance than 57Fe+ (91.72% vs 2.2%). Iron 
interferences represent an analytical challenge for standard ICP-MS systems because 
polyatomic interferences containing argon (a property of the ICP) and calcium (a major 
component in glass) are present at very high levels.  
 
Method Evaluation for Solution Based and Laser Ablation Analyses 
Analytical performance of DRC vs. STD mode 
Analytical performance of the method was evaluated in terms of limits of 
detection, accuracy and precision.  For solution analysis in STD mode, 57Fe+ 
concentration on the standard FGS1 was considerably high compared to the consensus 
value meaning the interferences produced were not efficiently removed in this mode 
possibly due to high abundances of argon hydroxide interferences. This effect of the 
interferences in standard mode is more pronounced at low concentration levels of iron 
such as in the case of SRM 612 were iron is only present at 56.3 µg g-1. By using the 
DRC mode, the iron interferences were properly reduced leading to an accurate 
measurement of 56Fe+ when compared to the consensus value (580 ± 60 µg g-1) with a 
bias and a precision of less than 10 % (Table 2). The target mass to reduce interferences 
on DRC with methane is iron of mass 56 for its possible application on routinely forensic 
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analysis of glass. Iron of mass 57 was not measured in the DRC mode; therefore the 
effect on reducing the main interferences on this mass was not optimized. In the LA 
analyses with the STD mode and different carrier gases, 57Fe+ produced better accuracy 
than in solution based analyses. This is because in LA mode, a dry plasma contains much 
less hydroxide interferences such as 40Ca16O1H+, 40Ar16O1H+. For the analysis of 56Fe+ in 
the DRC Mode the interferences were efficiently reduced leading to a good accuracy of 
<10% bias and a precision of the measurements of < 10%RSD (Table 3).  
 
Analytical performance of HR-SF-ICP-MS in different resolution modes 
Interferences of 57Fe+ were not properly resolved for solution analyses with the 
ELEMENT 2 in low resolution mode due to the larger amount of hydroxides present in 
wet plasma. Hydroxides species 40Ca16O1H+ and 40Ar16O1H+ in solution based analyses of 
57Fe+ in LR mode were a contribution factor for the significant increase in its measured 
concentration with respect to the consensus value for  FGS1. Therefore the results for 
iron of mass 57 in LR mode were not reported. The accuracy and precision of 57Fe+ 
measurements were improved in medium resolution (MR) and high resolution (HR) with 
less than 10 % bias and less than 10 % RSD for precision (Table 2).  
 For most of the laser ablation experiments using HR-SF-ICP-MS with the three 
mass resolutions, the polyatomic interferences of 56Fe+ and 57Fe+ were properly resolved 
providing accurate concentration measurements of iron in the standard FGS1. Accuracy 
and precision of the analyses in all the mass resolutions were within the acceptable 
parameters (≤10% bias and ≤10% RSD) (Table 3).  
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In general, solution based and laser ablation accuracy and precision results with 
the different ICP-MS configurations were in agreement. The results showed improved 
accuracy on the DRC and HR-SF ICPMS being medium resolution the optimum 
resolution and optimal setting for 56Fe+ measurement. The method was properly assessed 
giving validity to the MDLs results obtained during these experiments. 
 
Method Detection Limits of Solution Based and Laser Ablation Analyses 
 The iron method detection limits in DRC mode were significantly lower than in 
standard mode (0.03 vs 9.5 µg g-1 for laser ablation and 0.33 vs 1.9 µg g-1 for solution 
based analyses). This demonstrates the ability of DRC with eliminating interferences, 
reducing the limits of detection and allowing for more certainty in iron determinations in 
glass matrices. Higher background levels in solution and laser ablation analyses in the 
STD mode contribute to higher detection limits of 57Fe+.  
 The use of a high resolution sector field ICPMS resolved the polyatomic 
interferences in iron. Low MDLs for both iron isotopes were achieved in laser ablation 
analyses using the ELEMENT 2, particularly in medium resolution for 56Fe+. Higher 
MDLs in HR could be attributed to the increase in resolution which decreases the 
sensitivity, therefore affecting the limits of detection (Table 4). When comparing the 
MDLs results in MR and HR using the two laser systems, higher detection limits were 
observed with the NW UP213 laser system. The differences in the ablation process (ie. 
amount of mass ablated) due to the lasers energies and spot size could contribute to these 
variations in MLDs. Regardless, the MDL values are comparable (Table 4). In the low 
resolution mode, high background levels contributed to the increase in the detection 
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limits. This pattern was also observed for the STD mode in the quadrupole instrument. 
The solution-based analyses with the HR-SF-ICP-MS showed an improvement in 
the MDLs of both iron isotopes in medium and high resolutions vs. low resolution. In the 
quadrupole system the use of DRC allowed to achieve MDLs of 0.30 µg g-1 for 56Fe+ 
(Table 5). In MR and HR, the interference signals are properly separated from the iron 
signals, while in the DRC mode, the polyatomic interferences are significantly reduced 
by chemical reaction but may not be completely removed.  
In solution based analyses higher MDLs for 56Fe+ were obtained than with laser 
ablation. Differences in the MDLs could be attributed to the dilution factor and the 
possible increase in background contribution due to the digestion process in solution 
analyses. 
 
Carrier Gas Effect on Laser Ablation MDLs with the ELEMENT 2 and ELAN DRC 
II ICP-MS Systems 
 MDLs for both iron isotopes obtained with the CETAC LSX 200+ laser coupled 
to the HR-SF-ICP-MS were not significantly different at low and high resolutions when 
argon or helium were used as the carrier gas. Slightly lower MDLs were obtained for 
56Fe+ and 57Fe+ when helium carrier gas was used in medium resolution.  Experiments 
performed with the New Wave UP 213 laser coupled to the HR-SF-ICP-MS showed 
similar MDLs for 57Fe+ and 56Fe+ with helium and argon carrier gases in medium and high 
resolution. In low resolution higher MDLs were obtained when using argon as carrier gas 
because of the higher background produced with this laser of lower energy (2.4mJ vs. 
4.8mJ for the CETAC LSX 200+).  
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With the ELAN DRC II, the carrier gas effect was more significant. Lower 
detection limits are achieved when helium was used as the carrier gas. MDLs determined 
for iron isotopes in the ELAN DRC II with both carrier gases were comparable with what 
was observed in MR with the ELEMENT 2 with both laser ablation systems/carrier gas 
combinations.  
For laser ablation analysis in glass matrix, helium as carrier gas has proven to 
increase the sensitivity in the detection of elements. The improvement in sensitivity is 
attributed to a more efficient particle removal and transportation into the ICP-MS [46-
47]; therefore lower detection limits are achievable.  
 
Conclusions 
Polyatomic interferences for iron were significantly reduced or resolved with both 
DRC-ICP-MS and HR-SF-ICP-MS. Method limits of detection as low as ~0.03 µg g-1 
were achieved with both DRC and the SF instruments using laser ablation mode in glass 
matrices (Table 4). DRC-ICP-MS provided an excellent tool to achieve low MDLs for Fe 
in both laser ablation and solution analyses, but it is limited to the analysis of few 
elements in the DRC mode since the suppression of interferences is chemically dependent 
and other interferences could be formed in the cell that affect the analysis. From a 
practical point of view, this limitation requires separate measurements for Fe and for the 
other elements typically used in glass comparisons, especially when LA is involved since 
the transition from DRC to non-DRC mode is not fast enough for transient signals. The 
need of performing separate analysis for Fe and for the rest of the elements used in glass 
analysis is not only time consuming but also requires more sample. An advantage of 
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DRC-ICP-MS over HR-SF-ICP-MS is its lower costs and ease of use. 
HR-SF-ICP-MS allowed for the resolution of iron interferences in both medium 
and high resolutions. In laser ablation, the lower MDLs were achieved using medium 
resolution since in high resolution the sensitivity is significantly reduced, affecting the 
detection limits. In solution analyses, the HR-SF-ICP-MS system at MR provides lower 
detection limits than DRC-ICP-MS (0.14 µg g-1 vs. 0.30 µg g-1 respectively). Advantages 
of HR-SF-ICP-MS vs. DRC-ICP-MS instruments include its capability to achieve lower 
MDLs for Fe (particularly in laser ablation introduction method) and its capability to 
conduct multielemental analysis using laser ablation. Nevertheless, the fast transient 
signal measured in laser ablation does not allow to switch from different resolution 
modes in the same method, therefore the multielemental analysis is restricted to one 
resolution mode in the sector field instrument. The detection limits of some elements may 
be affected in medium and high resolution because an increasing the resolution results in 
sacrificing the analytical sensitivity.  These are important factors when considering using 
laser ablation with the sector field instrument. 
Solution and LA analyses with the different ICP-MS instrumental setups provide 
accurate and precise measurements of the iron isotopes. The accuracy and precision in a 
multielemental analysis could be affected when the DRC-ICP-MS is used. The reactant 
gas could react with other isotopes of interest within the glass matrix causing problems in 
their detection. Although similar MDLs can be achieved with helium or argon as carrier 
gas in the LA-HR-SF-ICP-MS systems, lower detection limits could be obtained with 
helium.  
This work demonstrates the capabilities of these ICP-MS systems and setups to 
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resolve and/or reduce polyatomic interferences allowing for accurate and precise 
measurements of iron isotopes in glass matrices. Although there were some differences in 
MDLs for each of the LA setups and ICP-MS systems, these results open the possibilities 
of doing elemental analysis which includes the use of iron isotopes in routine casework 
analysis of glass.  
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Figure 1. A typical laser ablation transient signal of iron in SRM NIST 612 analyzed 
with the ELEMENT 2.  
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Table 1. Instrumental parameters used for the MDL experiments. 
Parameters CETAC 
LSX 200+
New Wave 
UP 213
Parameters ELAN DRC II
(STD mode)
ELAN DRC II
(DRC mode)
ELEMENT 2
Wavelength 266 nm 213 nm Auxiliary Gas 1.1 L min-1 1.0 L min-1 0.8 L min-1
Spot Size 100 µm 100 µm Ablation Cell 
Carrier gas
0.90 L min-1
(laser, He)
0.90 L min-1
(laser, Ar)
0.60-0.72 L min-1
(laser, Ar)
0.80 L min-1
(laser, Ar)
1.0-1.1 L min-1
(laser, He)
Energy Output 4.8 mJ 2.4 mJ Nebulizer Flow 1.0 L min-1 
(solution)
1.0 L min-1 
(solution)
1.0 L min-1 
(solution)
Repetition Rate 10 Hz 10 Hz 0.98 L min-1 (laser) 0.98 L min-1 (laser) 0.62-0.70 L min-1 (laser)
Carrier gas Ar or He Ar or He RF Power
1500 W (solution )
1550 W (laser)
1501 W (solution )
1550 W (laser)
1300 W (solution)
1350 W (laser)
Ablation Cell 
Volume 50.2 mL 30.0 mL Reaction Gas - CH4 -
Reaction Gas Flow - 0.5 L min-1 -
RPq -
0.5 (laser)
0.6 (solution) -
Resolution Modes - - Low, Medium and High
-Not applicable.
LASER SYSTEMS ICP-MS SYSTEMS
 
 
Table 2. Results of accuracy (%bias) and precision (%RSD) for solution based analyses 
for standard FGS1. 
Isotope Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias
57Fe 699 ± 9 1.3 21 - - -
56Fe - - - 554 ± 58 10 5
Isotope Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias
57Fe 544 ± 52 10 6 529 ± 13 3 9
56Fe 542 ± 61 11 7 521 ± 10 2 10
a
 Bias was determined using the consensus value of Fe: 580 ± 60 µg g-1 [30]
-Not determined.
E2 in HR  E2 in MR  
ELAN STD Mode ELAN DRC Mode 
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Table 3. Results of accuracy (%bias) and precision (%RSD) for LA analyses for standard 
FGS1. 
(ELEMENT 2 -New Wave UP213 laser)
Isotope Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias
57Fe 557 ± 25 5 4 619 ± 5 1 7 630 ± 8 1 9
56Fe - - - 629 ± 11 2 8 636 ± 22 3 10
(ELEMENT 2 -New Wave UP213 laser)
Isotope Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias
57Fe 631 ±  15 6 9 602 ± 17 3 4 561 ± 39 3 3
56Fe - - - 609 ± 23 2 5 556 ± 8 2 4
(ELEMENT 2 -CETAC LSX 200+)
Isotope Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias
57Fe 613 ± 14 2 6 650 ± 13 2 12 565 ± 4 1 3
56Fe - - - 641 ± 3 0.5 11 648 ± 5 1 12
(ELEMENT 2 -CETAC LSX 200+)
Isotope Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias Average ± σ %RSD a %Bias
57Fe 561 ± 16 3 3 613 ± 22 4 6 544 ± 40 7 6
56Fe
- - - 547 ± 16 3 6 636 ± 12 2 10
a
 Bias was determined using the reference value of Fe: 580 ± 60 µg g-1 [30] 
-Not determined.
E2 in LR (He) E2 in MR (He) E2 in HR (He)
E2 in LR (He) E2 in MR (He) E2 in HR (He)
E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar)
E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar)
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Table 4. MDLs for SRM NIST 612 laser ablation analyses of 56Fe+ and 57Fe+ using the 
different ICP-MS configurations. 
MDLs ± σ for Laser Ablation Analyses in µg g-1 (ELEMENT 2 -LSX 200+ laser)
Isotope E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar) E2 in LR (He) E2 in MR (He) E2 in HR (He)
57Fe 2.3 ± 0.1 0.40 ± 0.04 1.5 ± 0.5 2.4 ± 0.1 0.23 ± 0.06 1.2 ± 0.6
56Fe
- 0.055 ± 0.003 0.15 ± 0.01 - 0.037 ± 0.003 0.11 ± 0.03
MDLs ± σ for Laser Ablation Analyses in µg g-1 (ELEMENT 2 -New Wave UP213 laser)
Isotope E2 in LR (Ar) E2 in MR (Ar) E2 in HR (Ar) E2 in LR (He) E2 in MR (He) E2 in HR (He)
57Fe 8.3 ± 0.9 0.9 ± 0.4 3.6 ± 0.6 3.5 ± 0.3 0.8 ± 0.2 3.9 ± 1.2
56Fe
- 0.12 ± 0.01 0.3 ± 0.1 - 0.085 ± 0.007 0.29 ± 0.05
MDLs ± σ for Laser Ablation Analyses in µg g-1 (ELAN DRC II -New Wave UP213 laser)
Isotope
ELAN STD 
mode (He)
ELAN STD 
mode (Ar)
ELAN DRC 
mode (He)
ELAN DRC 
mode (Ar)
57Fe 9.5 ± 1.0 9.6 ± 2.0 - -
56Fe
- -
a
 
0.025 ± 0.003 0.6 ± 0.2
a
 Data published from a previous study [37]
-Not determined.
 
 
 
 
Table 5.  MDLs results for solution analyses of 56Fe+ and 57Fe+ using the different ICP-   
MS systems. 
 
 
 
 
 
 
 
 
MDLs ± σ for Solution Analyses in µg g-1 (ELEMENT 2)
Isotope E2 in MR E2 in HR
57Fe 0.19 ± 0.12 0.58 ± 0.10
56Fe 0.14 ± 0.06 0.62 ± 0.11
MDLs ± σ for Solution Analyses in µg g-1 (ELAN DRC II)
Isotope ELAN STD mode ELAN DRC mode 
57Fe 1.9 ± 1.2 -
56Fe
- 0.30 ± 0.04
-Not determined.
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